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CONTROL  OF  CORROSION  AND  DSPOStTS  IN  STATIONARY 


BOILSRS  BURNIMO  RESIDUAL  FUEL  OIL 


INTRODUCTION 

Fire-side  corrosion  and  deposits  are  found  in  boilers  fired  with  either  residual 
fuel  oil  or  coal  This  state-of-the-art  report  is  primarily  concerned  with  plants  uuing 
residual  fuel  oils,  or  No.  6  fuel  oil,  as  the  source  of  energy. 

The  Bureau  of  Yards  and  Docks  regularly  receives  reports  on  stationary  boilers 
under  Navy  control.  For  many  of  the  boilers,  the  reports  indicate  tliat  the  steam¬ 
raising  plant  contains  modern  and  well- equipped  boilers  and  that  they  are  operating 
with  a  minimum  of  difficulty.  Operators  of  other  plants,  because  of  such  factors  as 
sudden  changes  in  the  steam  demand,  contamination  of  the  fuel  supply,  boiler  design 
or  installation  features,  or  lack  of  facilities  for  measurements,  inspection,  or  chemi¬ 
cal  analyses,  are  not  in  a  good  position  to  provide  RuDocks  with  complete  information. 

BuDocks  is  interested  in  developing  information  loading  to  improved  perform¬ 
ance  and  to  economies  in  their  steel  water-tube  stationary  boilers  which  use  residual 
fuel  oil  as  the  main  energy  source.  BuDock's  interest  and  coBcern  arises  partly  from 
the  fact  that  in  recent  years  the  quality  of  residual  fuel  oil  has  deteriorated  and  is  con- 
inuing  to  deteriorate.  This,  and  the  gradual  broadening  of  the  temperature  range  of 
It  boilers,  have  tended  to  intensify  problems  caused  by  corrosion  and  deposits. 

BuDocks,  through  various  commercial  interests,  is  being  oflered  a  wide  variety 
of  corrective  treatments  for  residual  fuel  oil.  The  Navy  Department  does  not  intend  to 
become  bound  to  a  single  source  of  treatment  for  residual  fuel  oil.  An  impartial  in- 
vestigition  by  an  unbiased  agency  is  desired  to  establish  the  best  procedures  for  mini¬ 
mizing  corrosion  and  deposits  in  boilers  operated  by  BuDocks. 

The  type  of  boiler  selected  for  a  shore  station  in  the  Navy  will  vary  according  to 
the  service  required.  Some  power  plants  provide  steam  for  special  purposes,  such  as 
electricity  generation  (steam  turbines)  or  for  a  testing  facility  (o.g.  ,  a  catapult  fig). 
Most  of  the  boiler  plants  provide  mainly  steam  for  hot-water  heating,  hospitals,  cafe¬ 
terias,  shops,  and  other  buildings,  and  for  supply  when  needed  to  ships  in  dock.  The 
load  will  vary  with  the  time  of  day,  with  change  in  sessonr,  "nd  with  tlie  special  activi¬ 
ties  at  the  particular  base.  In  the  selection  of  an  oil-fired  boiler,  attention  must  also 
be  given  to  the  Navy's  alternative  fuel  requirements  in  some  areas;  e.g.  ,  pulvorlted 
coal  or  natural  gas  may  serve  as  alternative  fuels. 

An  eetimatc  of  the  range  of  boilers  mider  RuDock's  administration,  x.  suiting 
from  discussions  '.leld  in  Washington,  D.  C*  ,  is  as  follows; 

_ Description  Percentage  of  Interest 

15  to  125-psi  saturated  steam  70 

125  to  400-p8i  superheated  steam  20  to  25 

Small  uiility-lype  boilers  5  to  10 
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A  useful  discussion  on  the  manifold  types  of  boilers  available  and  their  charac¬ 
teristics  is  given  in  a  recent  book  by  Shieldsl^SS)  ,  Because  boilers  vary  greatly  in 
shape,  size,  and  arrangement,  any  attempt  to  classify  particularly  troublesome  areas 
should  be  based  on  general  patterns  rather  than  on  specific  designs.  Jacklin, 
Anderson,  and  Thompsonl'^^^  indicated  that  temperature  is  the  most  important  single 
factor  affecting  fire-side  deposits. 

Five  principal  temperature  zones  may  exist  in  boilers.  The  gas  and  tube  or 
metal  temperatures  in  each  are  as  follows: 


Gaa  Tomperaturg,  F  Tube  Temperature,  F 


Radiant  section 
Superheater 
Convection 
Economizer 
Air  preheater 


3000-2000 

2000-1000 

1500-500 

800-300 

600-300 


650-450 

1200-600 

650-450 

600-200 

500-200 


In  individual  boilers,  o.ie  or  more  of  these  areas  may  be  absent.  Also,  for  eacn  arja, 
the  temperature  found  in  a  large  boiler  may  bo  near  the  upper  limit  of  the  range  shown, 
while  for  a  smaller  boiler  it  may  be  near  the  lower  limit  of  the  temperature  rang*. 
Figure  lisa  schematic  drawing  showing  some  of  the  components  often  found  in  a  steam 
boiler. 


Low-temperature  corrosion  and  deposits  occur  in  the  cold  end  of  the  boiler. 
These  are  usually  caused  by  the  condensation  of  an  acid  liquid  film  on  the  metal  sur¬ 
faces  when  the  metal  temperature  drops  below  the  acid  dewpoint  of  the  flue  gases- 
This  situation  may  exist  in  the  economizer,  air  preheater,  and  stack  areas.  The  de¬ 
posits  are  usually  wet  and  sticky.  Many  materials  are  subject  to  corrosion  by  aqueous 
acid  solutions. 


Similarly,  high-temperature  problems  occur  in  the  hot  zones  of  the  boiler.  De¬ 
posits  on  superheaters  may  be  hard  and  adherent,  and  corrosion  may  be  caused  by 
high-temperature  oxidation  or  sulfidation,  sometimes  accelerated  by  the  presence  of 
molten  ash  deposits. 

During  the  past  15  years,  the  problems  associated  with  the  burning  of  residual 
fuel  oils  have  been  greatly  intensified.  Difficulties  associated  with  corrosion  and  de¬ 
posits  from  residual  fuel  oil  coincided  approximately  with  the  period  of  increasing  in¬ 
terest  in  boilers  producing  steam  at  lOOO  F  or  higher  and  also  in  the  development  of 
oil-burning  gas  turbines.  In  both  of  these  applications,  metai  temperatures  at  certain 
points  would  be  expected  to  exceed  about  1100  F.  Heavy  fuel  oils  had  been  used  for 
many  years  at  lower  temperatures  without  serious  slagging  -or  corrooion  difficulties 
according  to  Schab(l^®).  Therefore,  it  seemed  apparent  that  part  of  the  difficulties 
were  related  to  the  higher  operating  temperatures.  Numerous  studies  and  investiga¬ 
tions  have  been  conducted  to  gain  additional  information  .-.bout  the  problem. 

"The  large  volume  of  published  literature  indicates  that  the  interest  is  world  wide. 
Within  the  past  few  years,  reviews  and  bibliographies  on  thz  subject  luve  appeared  in 
several  countries,  covering  both  low-  and  high-temperature  aspects  of  the  problem. 
Reference  to  these  reviews  are  given  at  this  point  merely  to  provide  a  background  on 
the  activities  in  the  field,  but  the  pertinent  information  they  contain  which  relates  to 
*tlter)ture  refercncet  ti*rl  o>i  page  119. 
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either  low-  or  high-temperature  problems  will  be  discussed  in  the  subsequent  chapters 
of  this  report. 


BIB  UPGR  APHIES  AND  REVIEWS 

In  1959,  a  comprehensive  review  of  the  available  information  on  corrosion  and 
deposits  in  coal-fired  and  oil-fired  boilers  and  in  gas  turbines  was  published  by  the 
American  Society  of  Mechanical  Engineerst^^.  A  10-year  bibliography  by  Schab  al¬ 
ready  has  been  cited(^^^).  A  bibliographyj  including  short  abstracts  of  the  references 
listed^  on  corrosion  by  vanadium  pentoxide  was  prepared  by  the  Mond  Nickel  Company, 
Ltd.  (1 M.  As  indicated  by  the  title,  most  of  the  references  deal  specifically  with  the 
corrosion  problem.  Residual  oil-ash  corrosion  was  also  discussed  in  a  review  by 
Slunder(l9 1),  and  a  bibliography  on  the  subject  {listing  articles  prior  to  1948  and  for 
each  subsequent  year  through  1958)  was  prepared  by  NACE  Task  Group  T-SL-^U®). 

In  Germany,  Gumz  published  a  review  covering  the  effects  of  fuel  compositior,  com¬ 
bustion  conditions,  and  me.al  temperature  on  corrosion  by  flue  gases,  Cume  also 
published  a  bibliography  including  abstracts  of  the  most  recent  and  important  articles 
on  corrosion  by  flue  gases.  (76)  Another  comprehensive  review,  specifically  relating 
to  the  high-temperature  corrosion  caused  by  vanadium  pentoxide,  was  published  in 
England  by  K.  Sachs.  (175)  ^  review  of  the  literature,  also  on  the  vanadium  pentoxide 
problem,  was  prepared  by  Fairman.  (^5)  Two  reviews  of  gas-turbine  fuelB(47,6l)  in¬ 
cluded  discussion  of  the  corrosion  and  deposition  problems  associated  with  residual  oil. 
A  very  recent  survey  compiled  by  EdwardsCSl),  on  behalf  of  the  Admiralty  Fuels  and 
Lubricants  Committee,  includes  a  comprehensive  discussion  of  fire-side  corrosion  and 
deposits  in  oil-fired  naval  and  land-based  boilers  and  in  gas  turbines,  and  a  bibliography 
of  over  200  references.  Several  chapters  in  a  recent  Russian  book(195)  ^re  coacetned 
with  the  behavior  of  heat-resistant  alloys  under  vanadium  corrosion  conditions,  and 
with  preventive  measures  such  as  coatings  for  metals,  and  additives  in  the  oil.  An  ab¬ 
stract  of  an  article  by  Panetti(l'^3)  indicates  it  is  a  review  of  the  subject  publisned  in 
Italy.  Several  useful  reviews  of  low-temperature  corrosion  also  have  been  presented. 
Two  very  useful  ones  are  those  by  Kear(96)  and  by  Moskovitzll^^). 

Most  recently  an  international  conference  was  held  in  England  by  the  Central 
Electricity  Generating  Board  in  May  1963,  to  review  again  the  vast  amount  of  informa¬ 
tion  available  today  on  external  corrosion  and  deposits.  In  all,  46  papers  were  pre¬ 
sented  to  the  150  corrosion  technologists  present.  Publication  is  planned  of  the 
proceedings  of  this  conference,  but  the  material  is  available  at  the  time  of  writing 
only  as  reprints. 

While  these  bibliographies  may  show  some  duplication  in  references,  the  topics 
emphasized  in  each  of  the  various  reviews  varied  according  to  the  objectives  of  the 
reviewers . 
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CHAPTER  I.  FLaE*aAS  OOHDENSATE  CORROSION  IN 
THE  LOW-TEMPERATURE  ZONES  OF  THE  BOILER 


CORROSION  IN  LOW -TEMPERATURE  ZONES 


Susceptible  Boiler  Component» 


The  economizers^  air  preheaters,  and  stacks  of  oil>burning  water-tube  boilers 
are  particularly  susceptible  to  corrosive  attack,  as  are  fire  tubes  in  some  shell-type 
boilers,  because  conditions  are  often  favorable  at  these  sections  for  the  formation  of 
corrosive  liquid  films  by  condensation  of  gaseous  combustion  products.  12)  jt  is  well 
established  that  these  boiler  components  are  attacked  by  flue-gas  condensate  films  at 
higher  reaction  rates  than  is  the  case  when  these  items  are  maintained  in  the  dry  state 
at  temperatures  sliphtly  above  the  dewpoint. 


Flue-Gas  Compositional  Factors 


Sulfur  Compounds 

The  major  factor  in  corrosion  observed  at  the  low-temperature  end  of  the  boiler 
is  the  acidic  sulfur  compounds  present  in  the  combustion  gases.  Under  some  special 
conditions,  hydrochloric  or  nitric  acids  also  may  form,  and  their  presence  in  the  flue 
gas  would  tend  to  increase  the  rate  of  attack. 

Deposits  in  the  low -temperature  zones  of  the  boiler  are  composed  largely  of  iron 
sulfates,  sulfuric  acid,  carbon,  and  ash.  Since  less  ash  is  formed  in  oil  firing  than  in 
coal  firing,  the  problems  associated  with  ash  deposits  usually  are  loss  Severe  In  oil- 
fired  boilers. 


Sulfuric  Acid 


The  major  portion  of  the  sulfur  in  the  fuel  is  burned  and  appears  as  sulfur  dioxide 
in  the  flue  gas.  A  small  portion  of  the  SO2  may  bo  further  oxidized  to  SO3.  The  dew¬ 
point  is  markedly  affected  by  the  total  SO3  present.  Films  of  sulfuric  acid  are  formed 
on  metal  surfaces  at  relatively  high  temperatures,  such  as  350  F,  as  a  result  of  the 
condensation  of  sulfuric  acid  vapor  formed  by  the  combination  of  SO3  and  water  vapor 
in  the  flue  gr»s.  Temper.^tures  of  350  F  and  lover  often  arise  as  the  flue  gas  aprroaehes 
the  exit  end  of  the  hoib  r.  In  moat  boiUra,  the  much  lower  netal  tomperatvires  of  100 
to  105  F  required  fur  ihe  deposition  of  sulfurous  acid  aral  hydrochloric  acid  arc  not 
reachcQ. 

The  dtwpoinl  of  the  flue  gas  is  markedly  increased  by  small  increases  in  the 
sulfur  content  of  the  fuel  oil.  up  to  about  0.  5%  sulfur.  At  higher  sulfur  contents  in  the 
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fuelj  the  Increase  in  SO3  in  the  flue  gas  is  much  more  gradual  and  follows  the  relation¬ 
ship  illustrated  in  Figure  Z,  taken  from  data  published  by  Rendle  and  Wilsdon(16^). 
These  authors  also  summarized  results  from  other  invostigations(^0»  58,Z04). 


FIGURE  2.  RELATIONSHIP  OF  DEWPOINT  TO  SUI-FUR  CONTENT 
OF  0IL(^^^) 

Data  refer  to  25%  excess  air  for  combustion* 


It  can  be  seen  that  in  order  to  lower  the  dewpoint  below  about  250  it  would  be 
necessary  to  reduce  the  sulfur  content  of  the  oil  well  below  0.  5%.  The  control  of  low- 
temperature  acid  corrosion  by  removal  of  the  sulfur  in  the  fuel  oil  is  not  economically 
feasible,  according  to  piesently  available  information* 

It  is  of  interest  to  note  that  at  very  low  excess  air,  when  the  oxygen  in  the  flue 
gas  is  less  than  about  0.5  per  cent,  there  is  a  marked  decrease  in  the  SO3  level, 
irrespective  of  the  sulfur  content  of  the  fuel. 


Dev/point  Determinations.  Recently,  the  dewpoint  in  boilers  was  measured  by 
different  methods  by  Alexander  and  her  sssociates*  They  concluded  that,  at  icasl  at 
low  SO3  contents,  there  is  no  simple  relationship  between  the  dewpoint  and  the  amount 
of  SOi  ’n  the  flue  gas.  Their  results,  reproduced  in  Figure  0,  show  that  even  at  low 
SO3  concentration  (such  as  2  to  10  ppm),  the  dewpoint  can  be  as  high  as  300  F.  Fig¬ 
ure  .3  also  includes  references  to  other  studies  made  with  an  operating  boiler  and  with 
clean  gas  in  the  laboratory.  The  curve  obtained  by  Alexander  lies  well  above  those 
presented  by  other  worker-’.  It  is  suggested  that  such  differences  are  related  to  the 
effect  of  dust  on  the  condensation  phenomenon. 
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o  No.  2  boiler,  6fomborouQb,air  heottr  ioiet,  no  oddittve 

•  No.  7  boiler,  Broinborough,  air  htotar  outlet,  no  oddltlve 

^  No.  2  boiler,  Bromborough,  oir  heoter  outlet,  no  odditive 

AA  P.F.  Corbett,  flue  gosts  from  on  ofl-flred  boiler^*** 

6B  A.A. Taylor,  Cleon  gos**  in  the  loborotory 
CC  W£  Ffoncij,  elect  goses  in  the  (oboroteryt®3) 

00  Rylonds  S  JenKinton,  cleon  goees  in  the 
lobofotory*'^** 

O  Chemicol  dewpoint 


FIO’JRE  3.  EFFECT  OF  SULFUR  TRIOXIDE  CONCENTRATION 
ON  DEWPOINT^-’') 
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Corrosion  Variables.  Although  the  dewpoint  temperature  i«  a  crit  cal  corrosion 
variable^  in  that  corrosion  rates  at  temperatures  above  the  dewpoint  arc  negligible, 
other  factors  are  important  in  controlling  the  corrosion  rate  under  cond  tions  of  con¬ 
densation.  Studies  to  date  show  that  the  more  important  variables  contr  dling  rates  of 
corrosion  are  these: 

(1)  Rate  of  acid  condensation 

(2)  Concentration  of  condensed  acid. 

As  would  be  expected,  the  rate  of  acid  condensation  is  directly  re'  xted  to  the  SO3 
content  of  the  flue  gas.  Thus,  the  greater  the  partial  pressure  of  SO3  i”  the  flue  gas, 
the  more  rapidly  will  the  metal  structure  be  corroded. 

The  second  corrosivity  variable  (concentration  of  condenred  acid)  is  not 
dependent(^^5,212)  ©n  the  amount  of  SO3  present  but  is  more  directly  T'  lated  to  metal- 
surface  temperature  and  to  the  percentage  of  water  vapor  in  the  combue'ion  gases. 

Thus,  the  over-all  corrosion  rate  is  dependent  on  a  complex  combination  of 
variables. 


Acid  Strength  Versus  Condensation  Temperature.  Figure  4  show?  data  obtained 
experimentally  by  Taylor{203)  on  the  relation  of  the  strength  of  the  initially  condensed 
acid  to  the  temperature  at  which  it  condenses.  The  gases  used  contained  acid  corre¬ 
sponding  to  a  dewpoint  at  395  F  and  about  8%  of  moisture.  The  curve  shows  that  the 
acid  (which  condenses  out  at  temperatures  slightly  below  the  dewpoint)  ‘will  bo  highly 
concentrated.  In  the  range  of  200  to  250  F,  the  acid  will  have  a  strength  of  70  to  80%. 
As  the  temperature  decreases,  the  strength  of  the  acid  condensed  also  'Adll  decrease. 
Thus,  it  is  apparent  that  combustion  gases  from  an  oil-burning  boiler  can  deposit 
sulfuric  acid  films,  over  a  wide  range  of  concentrations,  onto  metal  and  other  surfaces. 

Research  has  shown  that  the  rate  of  corrosion  of  steel  by  sulfuric  acid  decreases 
to  rates  low  enough  to  be  tolerable  only  in  the  regions  of  extremely  low  and  high  acid 
concentrations.  Room-temperaturo  data  presented  by  Fontana(^O)  are  summarised  in 
Table  i.  It  can  be  seen  that  at  this  temperature  a  corrosion  rate  of  almost  2500  mils 
per  year  could  be  .irlicipated  in  10%  acid,  and  a  rate  of  only  about  10  mils  per  year  at 
90%  concentration.  It  should  be  pointed  out  that,  since  these  rates  are  for  room  tem¬ 
perature,  the  rates  at  the  temperatures  indicated  in  Figure  4  would  be  much  greater. 

In  addition,  dilute  acids  would  not  be  deposited  at  the  surface  temperatures  encountered 
in  many  air  preheaters  and  economizers  during  the  operating  cycle.  However,  during 
damp  periods,  the  concentrated  sulfuric  acid  on  boilers  not  then  In  operation  would  be 
expected  to  be  diluted  by  moisture  absorbed  from  the  air. 

Designers  usually  provide  that  the  normal  temperatures  of  boiler  heat-exchangsr 
surf.Tces  usually  are  maintained  above  the  regions  where  the  highly  corrosive  acid 
strengths  of  less  than  60  per  cent  are  formed. 


BATTEi.Le 


memorial 


I  M  »  T  I  T  U  T  E 


Surface  Temperoture,  F 


s' 

t 

I 

: 


FIGURE  4.  RELATIONSHIP  OF  CONCENTRATION  OF  CONDENSED  SULFURIC 
ACID  TO  TEMPERATURE  OF  CONDENSING  SURFACE(203) 


TABLE  1.  CORROSION  OF  STEEL  BY  SULFURIC  ACID^^®) 


(*}  Octveen  !0  tnU  SO^ItACld,  ttie  oc notion  ii«ei  (or  t'ccl  Me  eau«ni«ly  ht|h 
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The  ASME(^)  publication  on  corrosion  and  deposits  reviewed  the  corrosion  of 
steel  as  well  as  other  metals  from  information  published  up  to  1958.  Since  that  time> 
Hanec{(5^)  has  measured  corrosion  rates  of  different  materials  in  flue  gases  from  an 
oil-fired  water-cooled  furnace.  Ho  confirmed  the  conclixsion,  reached  earlier  by  Kear 
and  others,  that  the  mciximum  corrosion  occurs  in  the  region  about  50  F  below  the 
dewpoint. 

When  a  metal  reacts  with  an  acid,  one  of  the  proaucts  is  gaseous  hydrogen.  A 
novel  method  for  estimating  the  corrosion  by  flue-gas  condensate  is  based  on  measuring 
the  amount  of  hydrogen  in  the  flue  gas  and  correlating  this  information  with  the  rate  of 
metal  consumed  by  the  acid.  According  to  Alexander(U,  the  method  is  being  used  in 
Belgium. 


Suifurous  Acid 


Laboratory  and  plant  experiences  have  shown  that  the  relationship  between  metal- 
surface  temperature  and  corrosion  rate  is  in  the  form  of  a  curve  with  two  maxima,  as 
illustrated  in  Figure  5  adapted  from  WliiltinghamC^^^).  As  was  mentioned  in  the  previ¬ 
ous  section,  the  increase  in  corrosion  occurring  about  50  F  below  the  acid  dewpoint  is 
caused  by  sulfuric  acid.  The  other  sharp  increase  in  corrosion,  which  occurs  just  be¬ 
low  the  water  dewpoint,  is  caused  by  aulfurous  acid  attack  resulting  from  the  combina¬ 
tion  of  SO2  and  water.  The  temperature  range  where  this  occurs  is  near  100  F. 

It  should  be  mentioned  that  Rylands  and  JenkinsonC^^^)  have  shown  that  both  cast 
iron  and  steel  were  attacked  25  times  faster  by  H2SO3  than  by  H£S04»  both  in  5% 
strength,  in  tests  lasting  24  hours  at  60  F.  Thus,  it  can  be  seen  that  the  potential  for 
corrosion  would  be  very  great  if  boilers  were  operated  so  that  exit-gas  temperatures 
reach  the  water  dewpoint.  Since  there  always  is  much  more  SO^  than  SO3  present  in 
the  flue  gas,  the  flue-gas  condensate  forming  at  the  water  dewpoint  is  bound  to  be 
corrosive  to  iron. 

Shanks  .and  his  a8sociateB{^®^)  recently  studied  low-temporature  corrosion  In 
oil-fired  cast-iron  sectional  boilers  and  found  an  acid  dewpoint  near  250  F.  The  maxi¬ 
mum  corrosive  attack  occurred  at  160  F.  They  recommend  operation  of  the  boiler  at 
a  water  temperature  sufficiently  high  to  slay  beyond  the  accelerated-corrosion  range. 

It  is  interesting  that  they  reported  an  overnight  cyclic  shutdown  of  the  burner  had  a 
negligible  effect  0:1  the  corrosion  rale,  uhereas  many  investigators  feel  that  shutdown 
periods  can  be  very  detrimental. 


Hydrochloric  .Acid 


Residua!  fuel  oils  normally  do  not  contain  chlorides,  but  when  contamination  with 
sc.a  water  or  other  saline  water  lias  occurred,  appreciable  quantities  may  be  present. 
Since  hydrogen  chlor.de  can  be  formed  when  such  contaminated  oils  are  burned,  some 
con 'ideration  must  be  given  to  li.e  Corrosion  effects.  First,  it  should  be  mentioned 
that  hyd rochlorit  icid  is  an  extremely  corrosive  material,  in  many  respects  much 
more  so  than  sulfuric  acid.  It  is  fortunate  that  liquid  films  containing  hydrochloric 
acid  usually  arc  not  present  in  boiler  plants  unless  the  exit-gae  temperature  has 
reached  the  water  dewpoint,  otherwise,  even  more-severe  corrosion  could  be  antici¬ 
pated  tSian  is  presently  found.  The  corrosivity  of  flue  gases  containing  hydrochloric 
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acid  has  been  demonstrated  in  the  laboratory  by  several  invcBtigators .  For  example , 
Kear(^O^)  showed  that  at  115  F  the  corrosion  of  a  mild-steel  probe  was  about  40% 
greater  with  the  addition  of  0.015%  HCl  along  with  0.  1%  SOj  than  with  the  same  amount 
of  SO2  alone.  Other  work  by  Ryiands  and  Jenkinsonl^^^)  showed  that  the  concentration 
of  HCl  in  the  condensate  rose  rapidly  at  temperatures  below  the  water  dewpoint  when 
HCl  was  added  to  c  ombustion  gases.  Studies  by  Piper  and  VanVliet(t51)  in  a  power 
station  burning  coal  containing  0.66%  Cl  showed  that  HCl  was  deposited  when  the  gases 
reached  140  F.  It  is  quite  significant  that  it  was  found  that  below  100  F  the  amount  of 
HCl  deposited  was  greater  than  that  of  H^SO^.  Thus,  the  nscessity  for  maintaining  the 
exit-gaa  temperature  above  the  water  dewpcint  is  well  documented. 

in  addition,  the  importance  of  removing  sea  water  from  fuel  oil  is  emphasized 
since  it  is  possible  that  in  some  cases  corrosion  ordinarily  attributed  to  sulfuric  acid 
may  be  partially  caused  by  HCl,  even  at  temperaturas  above  the  water  dewpoint. 

Flue-gas  composition,  as  reported  in  the  literature,  usually  does  not  include  the 
HCl  content.  It  would  be  interesting  to  establish  for  a  boiler,  using  a  residual  fuel  oil 
containing  a  known  amount  of  sea  water,  the  relationship  between  the  chloride  content 
and  HCl  in  the  resultant  flue  gas. 

Another  facior  not  generally  recognized  is  the  quantity  of  salt  in  the  air  near  the 
seacoaal,  particularly  during  and  after  stormy  weathei .  In  view  of  the  large  volume 
of  air  going  to  the  boiler  this  can  provide  an  appreciable  source  of  chlorine  to  induce 
corrosion,  even  though  the  fuel  may  be  free  of  salt  water  contamination. 

CONTROL  OF  CORROSION 

In  England,  the  Central  Electricity  Generating  Board  has  encountered  a  vdde 
variety  of  corrosion  problems  in  converting  certain  of  its  boiler  plam.  to  oil  firing. 
Dadswell  and  Thompsonf'^^)  reviewed  the  procedures  taken  to  minimize  corrosion  of 
air  preheaters.  The  pruccdurcs  reviewed  were: 

(1)  Design  of  the  air  preheater  so  that  the  mr  .al  temperature  at  the  cold 
end  IS  never  bcU-w  the  acid  dew-point 

(i)  Use  of  the  -nost -e.-rrosion-resistant  metals  or  protective  coatings, 
to  preve-.i  attack 

(3)  R»-ductioii  o'  the  l!03  content  of  the  1-v.c  ,3x5  by  operating  the  burner 
w-ith  mj-umum  cm  css  air 

(-4)  The  use  of  additives  to  neutral. re  the  SOa  cr  inhibit  the  p'ckling 
action  of  the  11260.4. 

Design  Considerations 

Ti-.e  CECB  ha.t  considered  the  fo'I-'wing  modificalicos  in  air-preheater  design; 

(n  Hot-air  recirculation  at.d  air  b,  passing.  The  plants  are  operated 
with  an  air-prcheater  cxit-gas  temperature  of  around  35P  F  when 
bypassing  is  used.  With  hot-air  recirculation,  the  air-inlet  tem¬ 
perature  IS  150  to  200  F. 
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(2)  Rearrangement  from  counlerflow  to  parallel  flow. 

(3)  Introduction  of  oil  burners  in  cold~air  inlets. 

(4)  Use  of  a  closed  hot-water  heat  exchanger  to  warm  the  air. 

(5)  Use  of  a  high-tejiaperatare  booster  air  preheater. 

(£»}  Use  of  bled-steam  air  preheaters. 


COMBUSTION  CONTROL 


The  method  of  reducing  corrosion  by  limiting  the  excess  air  to  the  point  v/here 
there  is  control  of  the  amount  of  SO3  formed  is  being  demonstrated  with  favorable  re¬ 
sults  in  England  and  in  Germany.  For  example^  Lees'.H^)  reported  a.  decrease  in 
dewpoint  from  345  to  200  F,  corresponding  to  an  increase  in  the  CO^  content  of  the 
flue  gas  from  10%  to  13. 5%.  Actual  measurements  of  air-preheater  tube  wastage,  by 
Lees,  proved  very  graphically  that  a  reduction  from  a  corrosion  rate  of  50  mils  per 
1000  hours  to  about  5  mils  per  1000  hours  could  be  effected  by  this  lo';.ered  dev/point, 
which  is  a  measure  of  the  reduced  SO3  content.  Figure  6  illustrates  the  decrease  .*n 
corrosion  rates  for  twr)  row?  of  tubes  in  the  air  preheater  at  the  Bsinkside  Station, 
which  is  compared  with  the  easily  measured  increase  in  carbon  dioxide.  The  Annual 
Report  of  BCURA(2®)  presented  results  showing  that  the  SO3  content  in  the  flue  gas 
rose  from  5  to  80  ppm  .is  the  excess  oxygen  increased  from  0.5%  to  3.  0%.  The  corre- 
sponding  corrosion-rate  curve  was  found  to  be  parallel  to  the  SO3  curve. 


Variation  in  SO3  Content 


An  extensive  laboratory  study  of  li  -temperature  corrosion  under  carefully  con¬ 
trolled  conditions  is  being  conducted  by  Ward,  ct  al.  at  the  Central  Electricity 
Research  Laboratories  in  Lcathcrhcad,  England!^*®).  In  a  study  of  the  formation  and 
deposition  of  SO3,  it  was  showm  that  the  pilot  boiler  reeponds  to  changes  In  the  propor¬ 
tion  o!  excess  air  ir.  much  the  same  way  as  in  large-sieed  boilers,  with  the  added 
advantage  that  \'cry  low  excess  air  can  be  used.  Continuous  recordings  of  SO3  and 
oxyge.*^.  over  a  period  of  2300  hours,  wlicre  the  amount  of  oxygen  in  the  flue  ga#  was 
varied,  indicated  a  direct  correlation  between  .SO3  and  oxygen.  Figure  7  ahowa  that 
the  SO3  varies  from  about  2  ppm  at  0.  2%  oxygen  to  about  35  ppm  near  2%  oxygen- 

In  1959,  Crossleyf'*^^  summarised  the  results  from  full-scale  investigations  with 
several  power  stations  in  England.  Al  Marchwood,  w’here  the  SO3  content  was  about 
20  ppm  Aitd  the  dewpoint  was  near  300  F,  a  reduction  in  exces*  oxygen  from  3'«  to  about 
0.  3%  caused  a  reduc'ion  4n  SOa  to  about  3  ppm  and  a  dewpoirt  ivesf  250  F.  Sirr.ilar  re- 
sui's  w-erc  given  for  three  other  slalior.a,  as  shown  in  Tah'.»  2. 
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TABLE  2.  EFFECT  OF  EXCESS  OXYGEN  ON 
SO3  CONTENT  AND  DEWP0INT(43) 


Excess  O2, 

% 

SO3, 

ppm 

Dewpoint, 

F 

Marchwood 

3 

20 

270-320 

Marchwood 

0,5 

2-7 

240-255 

Poole 

<0.  6 

5 

180 

Poole 

4 

45 

320 

S.  Denes 

1.7 

-- 

260 

Ince 

4.5 

18 

— 

Ince 

1.0 

7 

Glaubitz  has  presented  two  fairly  complete  in  Germany^  describ¬ 

ing  the  benefits  derived  from  caiefvil  control  of  combustion  air  in  oil-fired  boilers.  By 
means  of  special  equipment  and  burner  design^  he  was  able  to  reduce  the  oxygen  con¬ 
tent  to  about  0.2%.  It  is  stated  that  after  ].2,OOC  operating  hours,  the  boiler  had  never 
been  cleaned.  Highly  efficient  rates  of  heat  transfer  were  maintained  tl^roughout  the 
experiment.  Figure  8  [taken  from  Glaubltz^^®^]  shows  that  the  acid  dewpoint  tends  to 
approach  the  water  dewpoint  as  the  oxygen  is  reduced  to  0.  2%  in  the  flue  gas. 

In  addition,  it  should  be  noted  that  the  dewpoint  with  controlled  excess  air  ie 
essentially  independent  of  the  sulfur  content  of  the  oil. 

More  recently,  Roaborought^^^J  summarized  (in  Figure  9)  the  trend  resulting 
from  this  technique  of  combustion  control-.  The  data  suggest  that  there  may  bo  a  maxi¬ 
mum  in  the  SO3  conversion  curve  and  that  both  high  and  lew  values  of  excess  air  tend 
to  reduce  the  reaction.  It  is  surmised  that  large  amounts  of  excess  air  act  by  causing 
dilution  and  by  lowering  the  flame  tamperalurs. 

Alexander(“)  and  associates  indicate  a  tenfold  increase  in  SOj  over  the  range  1.5 
to  4.  5%  oxygen  in  the  flue  gas.  In  a  discussion  on  this  paper,  Grant  brought  out  the 
point  that  in  his  opinion  a  reduction  in  excess  air  could  accomplish  the  same  results 
as  arc  achieved  by  additives.  Another  point  was  that  air-preheater  corroafen  is  low¬ 
ered  if  the  tubes  ot  plates  arc  cksvned  often  so  that  deposits  are  not  allowed  to 
accumulate . 

Very  recently,  Mannytl^O  has  reported  that  the  Centtal  Electricity  Generatmg 
Board,  in  England,  has  applied  low-excess -air  combustion  to  all  Ite  oil’fi.red  stations 
(about  125.  In  addition,  the  CEGB  is  designing  four  very  large  oil-fired  steam  gen¬ 
erators  which  will  use  low -excess -air  combustion  and  will  incorporate  32  specially 
designee  fau.'-.ers 

C-arter,  in  his  difC'.issicn  of  the  papr  r  by  Alexander,  ct  al.  suggest®  that  the 
thermal  tost  be  aceppt-jd,  and  that  flwe-gas  i«....p4irature  be  maintained  above  the  acid 
dewpoint  to  be  Sure  no  .tcid  smut  is  evolved. 
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FIGURE  8.  EFFECT  OF  EXCESS  OXYGEN  ON  ACID  I>EWPOlNT^^^ 
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FIGURE  9.  RF-IATION  BETWEEN  SO3  AND  BOILER  OXYGEN  WITH  FUELS 
OF  DIFFERENT  SULFUR  C0NTENT(*72) 
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Very  recently >  MacFarlane(^^®)  used  the  established  equilibrium  data  for  the 
reaction 


SO2  +  I/2O2  ^  SO3 

to  calculate  values  for  the  percentage  conversion  of  SO2  to  SO3  at  various  conditions  of 
excess  air  and  temperature  in  a  boiler  burning  fuel  oil.  His  results  (summarized  in 
Figure  10)  show  graphically  the  decided  decrease  in  SO3  formation  effected  by  re¬ 
ductions  in  excess  air. 

Although  the  residence  time  in  an  actual  boiler  may  be  too  short  to  permit  equi¬ 
librium  conditions  indicated  in  Figure  10  to  be  entirely  valid,  it  should  be  pointed  out 
that  the  data  arc  useful  for  showing  the  importance  of  excess  air  in  the  problem  under 
discussion  in  this  report. 


Boiler  Efficiency 


From  the  efficiency  standpoint,  it  is  advantageous  to  operate  the  boiler  in  the 
proper  range  of  excess  air.  Table  3,  presented  by  Lathaml^^^)^  shows  the  relation¬ 
ship  between  excess  air,  boiler  efficiency,  and  percentage  of  oxygen  in  the  flue  gas. 
The  data  obtained  during  operation  of  Navy  boilers  were  recalculated  for  a  constant 
stack  temperature  ol  500  F. 

TABLE  3.  EFFECT  OF  EXCES.S  AIR  ON  BOILER  EFFICIENCY 
AND  CO2  C0NTENT(112) 


Elxcess  Air, 

% 

Boiler  Efficiency 
at  Full  Power, 

% 

CO2  iu 
Flue  Gas, 

% 

15 

79-  0 

14.0 

ZO 

78.  2 

13.3 

30 

77,  0 

12.5 

50 

74.  0 

10.5 

1  00 

69-  5 

8.0 

^00 

64.  5 

5.2 

II  can  be  seen  th.'Vl  it  is  most  economical  to  operate  at  the  minimum  amount  of 
excess  air.  It  is  most  fortunate  that  lliis  condition  it  alto  favorable  for  producing  the 
minimum  amount  of  SO^  in  the  flue  gas,  and  consequently  the  lowest  corrosion  rates. 
Thus,  the  need  is  further  rniphasiscd  ''or  operating  under  .'imbuation  conditions  result* 
ing  ;n  1  J  to  14%  of  C<}^  in  the  flue  gas. 
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FIGURE  10.  THE  EFFECT  OF  TEMPERATURE  AND  EXCESS  AIR 
ON  THE  SULFUR  THIOXIDE  CONTENT  OF 
COMBUSTION  CASES  AT  EQUIUDRIUM(  120) 
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CONSTRUCTION  MATERIALS  AND  PROTECTIVE  COATINGS 


Metals  and  Alloys 


An  extensive  study  of  materials  for  low-temperature  areas  of  boilers  was  con¬ 
ducted  about  ten  years  ago  by  Barkley(8)  and  associates.  They  evaluated  forty  uncoated 
metals  and  several  coatings  by  subjecting  panels  to  the  flue  gas  in  a  regenerative-type 
air  preheater  in  a  coal-fired  steam  generator.  Because  the  observed  corrosion  was 
due  largely  to  sulfuric  acid,  the  results  are  of  pertinent  interest  in  a  discussion  of  oil- 
fired  units. 

Barkley  assigned  a  rating  of  100  to  Corten,  which  is  a  low-alloy  steel.  Other 
low-alloy  steels,  Mayan- R  and  Croloy,  were  similar  in  durability.  Metals  more  re¬ 
sistant  than  Corten  were  Hastelloy  B,  Hastelloy  C,  L-605,  Inconel,  ard  Carpenter  20. 
H’gh-alloy  steels  were  less  resistant  than  Corten. 

Corrosion  studies  conducted  at  extremely  low  metal  temperatures,  where  HCl  as 
well  as  H2SO4  were  formed,  were  reported  by  Piper  and  VanVlictC^^^)  for  an  operating 
station.  Low-alloy  steels  were  found  to  have  a  higher  corrosion  resistance  than  stain¬ 
less  steels,  hot-rolled  steel,  and  aluminum. 

Haneef(80)  recently  conducted  corrosion  tests  on  metals  exposed  in  a  pilot-scale 
furnace  burning  oil  containing  2.9%  sulfur.  In  general,  he  confirmed  the  results  of  the 
rating  arrived  at  by  Barkley,  cl  al. ,  at  the  Bureau  of  Mines (8).  Assuming  that  the  cor¬ 
rosion  index  of  Corten  was  100,  he  derived  Indexes  for  other  materials  as  shown  in 
Table  4. 


TABLE  4.  CORROSION  INDEXES  OF  METALS  EXPOSED  IN 
PILOT-SCALE  FURNACE  BURNING  OIL 
CONTAINING  2.  9%  SULFUR^^®) 


Specimen  Surface 
Temperature,  F 

Corrosion  Index 

Corten 

Stainless 

Steel 

Carbon 

Steel 

Cast  Iron 

Normalised  Annealed 

356 

100 

25 

113 

148 

162 

284 

100 

59 

126 

146 

158 

230 

100 

135 

148 

166 

183 

U  will  be  noted  that  the  stainless  steel  was  more  resistant  than  Corten  at  356  F  and  al 
284  F,  wh-rcas  at  230  F  the  reverse  was  true. 

One  of  the  most  recent  studies  concerning  construction  materials  for  low- 
temperalurc  areas  ir.  boilers  was  reported  1962  by  Wiedersum  and  aesociales(^^^ ). 
Their  results  were  obtained  »n  an.  economt.ter  in  a  pulverised-coal-fired  unit,  but  are 
also  useful  to  oil-fired  equipment-  The  results  summarised  in  Figure  11  are  taken 
from  their  paper.  It  can  be  seen  that  the  Types  304  and  316  stainless  steels  were  more 
durable  than  the  other  rraterials. 
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A  rating  based  on  both  corrosion  and  economics,  however,  placed  the  materials 
in  the  following  order  in  relative  annual  cost: 


Cast  iron 
Mild  steel 
Corten 

Stainless  steels 
Type  304 
Type  316 
Type  410 


1  (least  expensive) 

2 
2 

4-1/2 

5 

18 


It  should  be  pointed  out  that  studies  of  fiarkley  and  associatesl^}  and  earlier  etud- 
ieo  of  Piper  and  VanVliet(151 )  indicated  that  low-alloy  steels  were  actually  more  re¬ 
sistant  Uian  stainless  steels  under  similar  conditions.  Thus,  the  question  of  construc¬ 
tion  materials  appears  to  be  unresolved. 


Miscellaneous  Materials 


Teflon,  Hanley  brick  tile,  and  Clean  white  tile  showed  no  loss  by  currosion(^). 

In  1955,  Huge  and  Piotter(®9)  reported  results  for  over  fifty  organic  and  inorganic 
coatings.  The  phenol -formaldehyde  type  of  coatings  showed  goed  resistance  but  were 
limited  by  temperature  deterioration.  Porcelain-enamel  coatings  also  showed  good 
promise. 


Glass  Tubing 


It  is  interesting  that  QVF  Limitedt f ^5),  of  Fenton,  England,  and  McKay'^^^) 
have  reported  that  an  air  preheater  rotubed  with  glass  showed  good  results  after  an 
13-month  trial.  Minor  amounts  of  deposits  were  found  on  the  tube  surfaces.  Heat 
transfer  was  satisfactory. 


Protecti%*e  Coatings 


Protective  coatings  have  also  been  recently  studied  as  a  means  of  roslsting  the 
corrosion.  Wiedersumi^’ U  reported  some  encouraging  results  for  a  phenolic-type 
coating.  A  preliminary  estimate  indicates  that  the  cost  of  the  economiser  units  would 
be  increased  by  about  one -third. 
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Vitreous  Enamels 


Encouraging  results  were  reooxted  for  vitreous  enamels.  Recent  field  trials, 
reported  by  Grames  and  Huffcut'*®',  concerning  enameled  coatings  in  operating  sta¬ 
tions,  indicate  that  porcelain  enameling  is  a  practical  application  of  a  corrosion- 
resistant  coating  for  heat  exchangers. 

Wingert,  in  discussion  of  that  paper,  suggests  that  the  solution  of  the  corrosion 
and  deposit  problems  is  in  sight  through  the  use  of  porcelain  enamels  in  the  air- 
preheater  sections. 
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CKAPTER  t  CHEMISTRY  OF  IURRIM9  RESIOUAL  FUEL 
OIL  AMO  OIL-ASH  OEPOSCTS 


CHARACTERISTICS  OF  RESIDUAL  FUEL  OIL 


The  residual  fuel  oil  known  as  No.  6,  or  Bunker  C,  comprises  the  residue  or 
bottoms  from  distillation  of  crude  oils.  To  meet  specifications,  it  may  be  blended  with 
other  oils,  such  as  a  higher  grade  distillate  or  used  lubricating  oils.  The  quality  of  the 
residual  fuel  oil  partly  depends  on  the  fractions  that  have  been  removed  as  distillates 
(gasoline,  kerosene,  and  the  lighter  fuel  oils)  and  partly  on  tlie  source  of  the  original 
crude  oil.  In  some  cases,  only  10%  of  the  crude  may  end  up  as  residual  oil,  while  in 
other  cases,  it  may  be  as  much  as  50%.  Competition  has  encouraged  refiners  to  use 
processes  which  result  in  higher  yields  of  gasoline  and  distillates  from  the  crude.  In 
general,  higher  yields  of  light  fractions  are  accompanied  by  poorer  quality  resi.  ual 
oils. 


Specifications 


Commercial  No.  6  oil  must  meet  three  ASTM  specifications;  (.1)  a  viscosity 
range  of  45  to  300  seconds  SSF  (122  F),  (2)  a  minimum  flash  point  of  150  F,  and  (3) 
a  maximum  water  and  sediment  content  of  2.0%.  The  specifications  for  U.S.  Navy 
Heavy  Grade  oil,  designed  for  use  in  shore-based  power  plants,  are  much  more  strin¬ 
gent,  requiring  that  ten  conditions  be  satisfied  as  shown  in  Table  5.  The  maximum 
ash  content  of  0.  12%  is  the  item  considered  of  most  importance  to  this  discussion. 


TABLE  5.  SPECIFICATIONS  FOR  U.S.  NAVY  RESIDUAL 
OIL,  HEAVY  G.RADE(142) 


Gravity,  *AP1 
Vtscosviy,  SSF,  1  22  y 
FU.xh  Point,  P-M,  F 
Fire  Point,  OC,  F 
Pour  Point  (Upper),  F 
Ash,  T® 

Sediment  by  Extraction,  T» 
Water,  by  Distillation,  % 
Thermal  Stability  (NBTL) 
Explosiveness,  % 


Min  10.  0 
Max  150 
Min  ISO 
Min  200 
Max  50 
Max  0.  12 
Max  0.15 
Max  0.  5 

Pass  (No.  2  tube  or  better) 
Max  50 
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Oil  A&h 


Tho  a8h» forming  constituent#  in  the  original  crude  oil  go  through  the  refining 
process  practically  unchanged  and  are  concentrated  in  the  so-called  bottoms.  Residual 
fuel  oil  usually  has  an  ash  content  of  about  0.  If*,  although  in  some  exceptional  cases  it 
has  been  found  as  high  as  1  to  2%.  Nevertheless,  this  small  amount  of  ash  can  be  the 
cause  of  serious  deposit  and  corrosion  problems  in  boilers. 

Ash-forming  constituents  in  the  crude  oil  are  introduced  (a)  by  the  t.iiimal  and 
vegetable  matter  from  which  the  oil  was  formed,  (b)  from  contact  of  the  oil  with  under¬ 
ground  rock  structures  and  brines,  and  {c)  during  production,  storage,  and  handling. 
Four  classes  of  contaminants  can  bo  distinguished: 

(1)  Oil-soluble  compounds  formed  with  the  crude  oil. 

(2)  Water-soluble  compounds  dissolved  in  water  and  emulsified  in 
the  crude  oil.  This  would  include  connate  brine  and  sea  water. 

(3)  Reaction  products  of  the  acidic  compounds  of  the  oil  with  metal 
surfaces  such  as  pipes,  tanks,  and  oroceasing  equipment. 

(4)  Solid  contaminants  such  as  sand,  rust,  and  scale  which  are  picked 
up  during  production  and  handling. 

During  the  refining  process,  the  emulsions  (Item  2)  are  broken  and  the  water  is  driven 
off,  leaving  the  inorganic  salts  suspended  in  the  residual  oil. 


Chemical  Composition 

.  -  » 

i  he  principal  ash- forming  olemeais  found  ii>  crude  oil,  as  given  by  Bowden 
et  al.  U8)^  jj-e  listed  in  Table  6.  Both  inosganic  and  organometallic,  oil-soluble  forms 
have  been  observed  for  several  of  the  elements.  No  matter  which  form  these  element# 
are  m,  the  important  point  is  that  they  are  retained  essentially  intact  during  the  refining 
process  and  are  fov.nd  concentrated  in  the  residual  oil.  Trace  amounts  of  as  many  as  25 
elements  have  been  detected  by  '’^homas  in  petroleum  by  •pectrographic  analysist^^^J. 

Cheniicri  cnalysee  of  the  ash  from  crude  oils  obtained  from  various  sections  of 
the  United  States  and  also  from  Iran  are  presented  in  Tabif  »(205)  obvious  from 

these  data  that  the  percentage  of  lach  constituent  varies  widely  in  oil#  from  different 
fields.  These  variatsOr.s  m  composition  tend  to  affect  the  properties  of  the  correspond¬ 
ing  residual  oils.  Typicr,!  dif.ferssices  in  the  important  properties  of  residual  oils  are 
illustrated  in  Table  9  176)  qj  particular  interest  to  this  discussion  are  the  wide 

ranges  shown  the  amount  of  ash  and  the  content  of  sulfur,  vanadium,  and  sodim.;. 

The  main  deposit  and  cor.'osion  problems  vhat  occur  in  boilers  result  from  oxides  vf 
vanadium  and  sodium  in  ‘he  ash  combining  '►•ith  oxide e  of  sulfur  in  the  gaseous  com¬ 
bustion  urcrdu’ts. 
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TABLE  6.  PRINCIPAL  ASH- FORMING  ELEMENTS  IN  CRUDE  OIL^^®^ 


Element 

Type 

Solubility 
in  Oil 

Probable  Chemical  Form 

Aluminum 

Inorganic 

Insoluble 

Complex  alumlno» silicate  8  in  suspension 

Calcium 

Organic 

Soluble 

Not  identified 

Inorganic 

Insoluble 

Calcium  minerals  in  suspension;  calcium 
salts  in  suspension  or  dissolved  in 
emulsified  water 

Iron 

Organic 

Soluble 

Possible  iron  porphyrin  complexes 

Inorganic 

Insoluble 

Finely  sized  iron  o  ildes  in  suspension 

Magnesium 

Organic 

Soluble 

Not  identified 

Inorganic 

Insoluble 

Magnesium  salts  dissolved  in  emulsified 
water  or  in  suspension  in  microcrystalline 
state 

Nickel 

Organic 

Soluble 

Probable  porphyrin  complexes 

Silicon 

Inorganic 

Insoluble 

Complex  silicates  and  sanu  in  suspension 

Sodiun'v 

Inorganic 

Insoluble 

Largely  sodium  chloride  dissolved  in 
emulsified  water  or  in  suspension  in 
microcrystalline  state 

Vanadium 

Organic 

Soluble 

Vanadium  porphyrin  complexes 

Zinc 

Organic 

Soluble 

Not  identified 

TABLE  7.  ANALYSES  OF  ASH  FROM  CRUDE  OlLS^^°5) 

Per 

Cent  by  Weigh! 

Mid- 

California 

Continent 

Texas 

Pennsylvania 

Kansas 

Iran  #  I 

Iran  #  Z 

SiCg 

38.8 

51.7 

1.  6 

0.  8 

10.0 

52.8 

U.  1 

^  2®  3  \ 

17.  J 

31,8 

9.  9 

97.  5 

19.  1 

13.  I 

18. 1 

TiO.  j 

CaO 

3.  7 

U.  6 

3.  5 

0.  7 

4.0 

6.  1 

12.7 

MgO 

1.8 

4, 1 

2.  5 

0.  2 

1.  3 

9.  1 

0.2 

MnO 

0.  3 

o.-< 

0.  3 

0.  2 

Tr 

Tr 

Tr 

V205 

5.  1 

T  r 

1.  •• 

0.4 

14.  0 

38.  5 

NiO 

*.  4 

0.5 

1.  5 

0.6 

1.4 

10.? 

Na^O 

9.  5 

6.9 

30.  8 

0.  1 

23.6 

KaO 

1.” 

0.  9 

so^ 

JS.O 

10.0 

*1.  1 

0.  9 

56.4 

7.0 

ChU  !  .-ie 

-- 

4.  6 

— 

0.  1 

— 
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TABLE  8.  VARIATION  IN  PROPERTIES  OF  NO.  6  RESIDUAL  FUEL  OILS 


Property 

Canadian 

RsfinerieB(176) 

U.  S. 

Refineries  l(i07) 

U.  S. 
Refineries 

Specific  Gravity,  60  F 

0. 945  -  1,046 

0.959  -  0  990 

0.92  -  1.02 

Flash  Point,  F 

175  -  300 

150  -  285 

160  -  410 

Viscosity,  centistokas,  122  F 

105  -  420 

140  -  400 

85  -  650 

Pour  Point,  F 

+  10  -  +65 

0  -  +50 

+15  -  +85 

Water  and  Sediment,  per  cent 

0.02  -  0.50 

0.05  -  2,  0 

Water,  by  Distillation,  per  cent 

0-0.2 

Tr  -  0.  2 

Carbon  Residue,  per  cent 

5.86  -  14.3 

7.  27  -  13.7 

5-13 

Ash,  per  cent 

0.01  -  0. 12 

0.  004  -  0.  086 

0.01  -  0. 50 

Sulfur,  per  cent 

0.67  -  3.00 

0.75  -  3.61 

0.7  -  3.0 

Heat  of  Combustion,  Gross, 

Btu  per  lb 

18,200  -  18,740 

18,329  -  18,993 

Vanadium,  ppm  in  oil 

0  -  146 

2  -  144 

•s* 

Vanadium,  per  cent  ash 

— 

0.8  -  62.8 

Sodium,  ppm  in  oil 

1.6  -  290 

•••• 

mm 

Ash  Fusion  Temperature,  F 

mta 

1085  -  1330 

mm 

TROUBLESOME  ELEMENTS  IN  OIL-ASH 


Vaimdium 


There  is  considerable  interest  in  the  source  of  the  vanadium  in  crude  oil.  It  is 
believed  that  some  marine  animals  are  capable  of  concentrating  in  their  bodies  the 
vanadium  present  in  sea  water  and  in  ocean-bottom  muds.  Crude  oils  containing  ap¬ 
preciable  amounts  of  vanadium  are  associated  in  their  origin  with  the  sediments  of 
prehistoric  oceans^^*^^). 

Occurrence  in  Peti  •>leu'.n 


As  noted  in  Table  6,  the  vanadium  occurs  in  petroleum  as  an  oil-soluble  porphyrin 
complex.  These  complexes  are  insoluble  in  water  and  are  stable  to  heat  treatment  in 
the  presence  of  w.ater.  They  undergo  decomposition  at  about  840  F,  Absorption  spectra 
of  these  vanadium  complexes  indicate  that  their  structure  la  similar  to  that  of  the 
vanadium  derivative  of  me soporphyrin  IX  dimethyl  cster^^®®).  The  structure  of  the 
latter  is  shown  in  Figure  12.  Undoubtedly,  the  complexes  existing  in  the  crude  oil 
undergo  structural  cV'anges  during  the  refining  pi oce  ss.  and  when  they  arc  co.nc«ntrafed 
in  the  residual  fraction  they  are  often  present  as  high-molecular-wsight  products, 
probably  polymeric  .n  naturet^^). 

The  vanadium  i?  associated  with  the  asphaltic  portions  of  the  crude  oil.  The 
asphaltic-base  crudes  irom  areas  such  as  Vonaruela,  the  Middle  East,  and  California 
contain  relatively  high  concentrations  of  vanadium.  Paraffin- base  crudes,  euch  as  those 

BATTELLe  MEMORIAL  INSTITUTE 


29 


from  Penneylvania  and  Mid-Continent  Fields  contain  only  trace  amounts  of  vanadium. 
Consequently,  the  vanadium  content  of  a  residual  oil  can  vary  from  a  negligible  amount 
to  several  hundred  parts  per  million. 


I 


i 

Wh 

B 

m 

m. 


FIGURE  12.  VANADIUM  COMPLEX  OF  MESOPORPHYRIN  IX 
DIMETHYL  ESTER(188) 


Combustion  Reactions 

During  coinbualion,  the  vanadium  complexes  in  a  droplet  of  tuel  oil  are  decom¬ 
posed.  The  vanadium  is  oxidized  in  steps:  first  to  the  stable  and  nonvolatile  VjOj  and 
V2O4  and  {i.naUy,  after  all  the  carbon  in  the  oil  has  been  consumed,  the  vanadium  Is 
oxidised  to  The  vapor  pressure  of  V2O5  was  originally  measured  by 

PoliakovO^^)  5nd  later  was  corrected  by  Lloyd  and  Probert(i ^8),  These  latter  in¬ 
vestigators  found  values  ranging  from  about  0.  1  mm  of  mercury  at  1800  F  to  1  mra  in 
the  vicinity  of  2500  F.  They  calculated  the  amount  of  VjOg  that  would  be  vaporized,  in 
rel.ntion  to  the  van&iuum  content  of  oils  and  found  that  volatilisation  of  a  substantial 
portion  t  f  ij(C-  V ^0^  would  be  expected  at  the  ilarae  tf.niocrature. 

Although  the  V^C^  is  slightly  volalile,  very  Uulo  of  it  ia  carried  through  the 
boiler  as  auch,  because  it  reacts  with  other  metal  oxides.  The  sodium,  calcium, 
nickel,  and  iron  pr<  "cnl  in  the  oil  have  been  shown  to  be  capable  of  reacting  with  the* 
V2O5  to  form  a  vs-  ety  of  v.anadates  which  are  less  volatile  than  the  VjOjU®}.  The 
CiiemiCil  formulas  and  melting  points  of  possible  vanadate  compositions  which  might 
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form  during  combustion  are  shown  in  Table  9.  Most  of  the  vanadium  which  is  found  ijn 
boiler  deposits  is  present  as  one  or  other  ol  the  sodium  vanadate  compositions  listed. 


Sodium 


Hi 


m 


As  with  other  elements,  the  amount  of  sodium  present  in  crude  oils  varies  widely, 
depending  on  (a)  the  source  and  (b)  the  method  of  transport  to  the  refinery.  Sea  water 
is  a  common  contaminant  in  crudes  delivered  by  oil  tankers.  It  is  a  general  refinery 
practice  to  desalt  the  crude  oil.  This  procedure  removes  about  90%  of  the  sodium, 
most  of  which  is  present  as  sodium  chloride.  The  remaining  sodium  ends  up  in  the 
residual" oil  fraction,  the  concentration  depending  on  the  proportion  of  distillates  re¬ 
moved  from  the  crude.  The  residual  oil,  if  transported  by  ship,  is  further  contaminaled 
by  sea  water.  As  delivered  to  the  consumer,  a  residual  oil  sometimes  contains  a  few 
hundred  parts  per  million  of  sodium. 


Combustion  Reactions 

Sodirun  chloride  has  sufficiently  high  vapor  pressure  (about  10  rmn  of  mercury 
at  1800  F)  to  be  volatilized  during  the  combustion  process.  However,  there  is  a 
chemical  reaction  as  well.  Brinsmead  and  Kear^^^)  conducted  experiments  in  which 
pellets  o  ',  carbon  containing  a  known  amount  of  sodium  chloride  were  burned  in  a  tubular 
furnace.  Temperature  and  time  were  varied  independently,  and  the  loss  of  sodium  and 
chlorine  was  determined.  Their  results  can  be  summarized  as  follows; 

(1)  Over  the  range  of  temperature  studied,  1290  to  1832  F,  the 
proportion  of  chlorine  released,  always  as  HGl,  was  sub¬ 
stantially  greater  than  that  of  sodium. 

(2)  Humidification  of  the  combustion  air  slightly  decreased  the 
amount  of  sodium  released  and  increased  the  less  of  chlorine, 

(3)  The  release  of  sodium,  but  not  that  of  chlorine,  was  greatly 
reduced  by  the  addition  of  kaolin*  (essentially  a  hydrated 
aluminum  silicate). 


re 

ca 


These  reevUts  indicate  t.hnt  water  vapor  plays  a  significant  role  ir.  the  combustion 
action.  A  molecular  reaction  between  NaCl  and  H^O  vapors  is  very  unlikely,  be- 
use  for-  the  postulated  reaction 


2  NaCl  +  H^O  - >  2  HCl  +  Na^O, 


the  frec-onergy  change  would  be  +80  kilocalories  at  1800  F,  which  means  that  the  re¬ 
verse  reaction  is  strongly  favored.  On  the  other  hand,  dissociation  of  vrater  vapor  at 
thiE  temperature  would  provide  enough  hydrogen  atoms  to  promote  a  chain  reaction  in 

wiav,h  KaCl  -f-  H“ - Na  +  HCl,  and  in  the  prescnca  of  oxygsn  the  sodium  would  form 

NajO.  The  reduced  loss  of  sodium  in  the  presence  of  kaolin  point**  to  the  formation  of 
silicates  of  low  volatility  under  these  conditions. 


*A<ld.Uiv«3  arc  ducuasd  in  Cbapiti  s. 
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TABLE  9,  POSSIBLE  VANADATE  COMPOSITIONS 
FORMED  DURING  COMBUSTION  OF 
RESIDUAL  0IL(») 


Compouxid 

Melting  Point,  F 

V2O5 

1274 

SNazO.  V2O5 

1562 

2Na20"  V^Oj 

1184 

10Na2O-  7V2O5 

1065 

NazO.  V2O5 

1166 

ZNa^O*  SV^Og 

1049 

Na20-  2V2O5 

1137 

5Na20-V204.11V205 

995 

Na20-  3V2O5 

1150 

Na^O.V^O^.SVjjO^ 

1157 

Na20-  6V2O5 

1215 

2NiO.  V2O5 

>1652 

3NiO.  V2O5 

>1652 

Fe203-V205 

1580 

Fe203.2V205 

1571 

MgO*  V  2^5 

1240 

2MgO.  V2O5 

1535 

3MgO-  V2O5 

’.175 

CaO-  V2O5 

1145 

2CaO  V2O5 

1432 

3CaO’ V2O5 

1860 

(a)  Complied  (fotn  «  our.it<-r  of  »otuce*. 
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Fletcher  and  Gibaont^?)  have  shown  that  NaCl  will  react  with  both  SO 3-  and 
S02-oxygcn  mlxcurea  to  form  Na2S04.  Their  data  are  shown  in  Figure  13,  which  in¬ 
cludes  reactions  catalyzed  by  Fe203.  In  the  absence  of  Fe203,  more  of  the  sodium 
sulfate  was  formed  from  SO3  than  from  SO2  between  570  and  1100  F.  Above  1100  F  the 
rate  of  sulfate  formation  from  SO2  increased  rapidly  with  temperature,  while  the  rate 
of  sulfate  formation  from  SO3  remained  almost  constant.  The  catalytic  effect  of  Fe203 
was  much  greater  for  the  reaction  with  SO2.  In  this  case  the  reaction 

2  NaCl  +  SO2  +  1/2  O2  +  H2O - *  Na2S04  +  2  HCl 

is  thermodynamically  favorable,  the  free  energy  change  being  -10  kilocalories  at 
1500  F.  The  reaction  of  SO3, 

2  NaCl  +  SO3  +  H2O - »  Na2S04  +  2  HCl, 

is  slightly  less  favorable,  -4,  5  kilocalories  at  1500  F.  Hence  the  large  difference  in 
the  yield  of  sulfate  at  this  temperature  must  be  an  effect  of  reaction  kinetics.  The  im¬ 
portant  part  played  by  sulfates  in  the  corrosion  and  deposit  problems  of  boiler  systems 
requires  that  consideration  be  given  to  the  presence  of  sulfur  in  the  residual  oil. 

Sulfur 


The  presence  of  sulfur  in  crude  oil  creates  problems  in  comiection  with  the 
handling  and  processing  of  the  crude  as  well  as  in  the  use  of  refinery  products.  For 
heavy  fuel  oils,  sulfur  is  a  significant  factor  in  boiler  problems  involving; 

(1)  The  formation,  in  combination  with  metallic  constituents  of  the  ash, 
of  deposits  and  corrosive  slags  in  high-temperature  sections  of  the 
boiler 

(2)  Corrosion  of  metal  components  in  low-temperature  sections  of  the 
system. 

Form  of  Sulfur  in  Oil 

In  recent  years  about  40  per  cent  of  the  crude  oil  produced  in  the  United  States 
has  contained  more  than  0.  5  weight  %  of  sulfur.  The  crude  oils  imported  from  South 
America  and  the  Middle  East  contain  significantly  larger  amounts  of  sulfur,  usually 
1.5  to  2.  5%.  Although  some  elemental  sulfur  is  found  in  petroleum,  the  bulk  of  the 
sulfur  is  contained  in  hydrocarbon  molecules.  Table  10  eummarltei  the  principal 
types  of  sulfur  compounds  identified  in  crude  oils,  distillates,  and  cracked  prod- 
ucts^SZ)  variety  of  molecular  types  are  r-presented,  and  as  many  at  50  "peclfic 
sulfur-containing  compeunde  have  been  identified  in  a  typical  petroleum  sample. 

Although  some  cf  the  sulfur  compounds  are  converted  to  hydrogen  sulfide  during 
the  refining  of  the  crude  and  are  removed  aJong  with  the  lighter  fractions  of  the  pe¬ 
troleum,  much  of  the  sulfur  is  concentrated  in  the  residual  oil.  This  Increase  of  sulfur 
content  is  illustrated  in  Table  11,  which  shows  that  the  residual  oil  from  a  Middle  Cast 
crude  contains  a  substantially  higher  percentage  of  sulfur  than  did  the  original  crude 
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FIGURE  13.  FORMATION  OF  SODIUM  SULFATE  FROM  SODIUM 
CHLORIDE,  SULFUR  DIOXIDE,  AND  SULFUR 
TR10XIDE{S7) 
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TABLE  10.  TYPES  OF  SULFUR  COMPOUNDS  Lm  CRUDE  OIL  AND  DISTlLLATEst*) 


Typo 

Formula 

In 

Crude  Oil? 

In  Straight-Run 
Products  ? 

In 

Cracked  Products? 

Elemental  sulfur 

S 

Yes 

Yes 

Yes 

Hydrogen  sulfide 

H^S 

Yes 

Yes 

Yes 

Mercaptans 

Aliphatic 

RSH 

Yes 

Yes 

Yes 

Aromatic 

RSH 

Yes 

Yes 

Yes 

Naphthenic 

RSH 

No 

No 

No 

Sulfide  8 

Aliphatic 

R  -  S  -  R 

Yes 

Yes 

Yes 

Aromatic 

R  -  S  -  R 

No 

No 

No 

Cyclic 

(CH2)n  -  CH2 

Yes 

Yes 

Possibly 

Disulfides 

Aliphatic 

R  -  S  -  S  -  H 

Yes 

Yes 

No 

Aromatic 

R  -  S  -  S  -  H 

7 

No 

Yes 

Thiophene  and 
homologue  s 

HC  ^CH 

II  II 

HC  — CH 

Yes 

Yes 

Yes 

Poly  sulfides 

R  -  -  S  R 

? 

Yes 

Yes 

(*)  Relerooce  (1S3)  ievlt«4  to  iaclude  U.;  uudlet. 


TAUL.L  11.  SULFUR  CONTENT  IN  FRACTIOI'a  OF 
KUWAIT  CRUDE  01L(®7) 


Distillation  Range, 
C 

Totei  S'Ufur, 
weight  % 

Crude  cil 

2.  55 

Ga  solirve 

51-121 

0.05 

Lig.ht  -laphtha 

125-149 

0.05 

Heftv^'  naphtha 

153-197 

0.  11 

Keaosene 

207-238 

0.45 

Light  gas  oil 

247-269 

0.85 

H<-avy  gas  oil 

781-3Q6 

1.15 

Residual  oil 

309-498 

3.  70 
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A  typiced  average  sulfur  content  of  No.  6  residual  oil  produced  in  U.  S.  and 
Canadian  refineries  is  1.  5%.  '  However,  the  values  contributing  to  this  average 

ranged  between  the  extremes  of  0.  3%  at  an  eastern  refinery  to  5.  3%  at  two  western 
refine  ties. 

Sulfur  Dioxide 

During  combustion  most  of  the  sulfur  in  the  fuel  oil  appears  as  sulfur  dioxide  in 
the  flue  gases.  Thus,  in  a  typical  situation,  92%  of  the  sulfur  content  of  a  residual  fuel 
Oil  appeared  in  the  flue  gases  at  the  air  preheater  as  SO2,  and  2%  as  SO3. 

In  the  process  of  combustion  of  a  sulfur  compound  in  the  oil,  the  reactions  go 
through  a  number  of  fairly  specific  steps.  As  the  compound  approaches  the  flame  xonc, 
heat  radiating  from  the  flame  lone  causes  some  pyrolysis  and  some  preliminary,  cool- 
flame  oxidation  reactions  to  occur.  In  the  flame  zone,  temperatures  are  high,  and  the 
oxidation  of  the  sulfur  compounds  proceeds  primarily  to  SO2.  As  the  products  leave 
the  immediate  neighborhood  of  the  Uame  zone,  temperatures  fall  rapid'y,  and  some 
workers  believe  that  SO 2  may  be  oxidized  to  SO3. 

The  bulk  of  sulfur  as  SO2  may  pass  through  the  entire  boiler  system  as  such,  and 
normally  does  no  harm.  The  small  amount  of  SO2  which  is  converted  to  SOj  or  which 
reacts  with  metal  compounds  to  form  sulfates  can  cause  serious  corrosion  and  deposit 
problems.  The  case  in  which  the  SO2  reacts  with  NaCl  and  oxygen  from  the  excess  air 
to  form  Na2SO.|  has  been  diacussed  in  the  section  on  sodium.  In  the  analysis  of  flue  gas 
at  tt.  air  preheater  (already  cited),  in  addition  to  SO2  and  SO3,  1%  of  the  sulfur  in  the 
oil  was  detected  as  Na2S04.  Besides  NaCl,  other  metal  chlorides  (such  as  CaCl2  or 
MgCl^)  are  present  in  the  fuel  oil.  They  can  also  react  to  form  sulfates.  However, 
calcium  and  magnesium  compounds  are  seldom  present  to  the  same  extent  as  those  of 
sodium.  The  remaining  metals,  which  are  found  in  residual  oils,  exist  mostly  as 
organic  complexes.  They  probably  are  first  converted  to  oxides  and  then  react  with 
SO3  to  form  sulfates. 

julfur  T rioxide 

The  most  important  reaction  which  SO2  undergoes  in  the  flue  gas  is  the  con¬ 
version  to  SO3,  Only  a  relatively  small  amount  of  the  is  further  oxidized  to  SO3. 
The  results  of  a  study  by  Matty  and  Diehl^^^^)  arc  given  in  Table  12,  These  data  in¬ 
dicate  that  1  tc  3%  of  the  SO2  present  was  converted  to  SO3.  It  is  also  of  interest  to 
note  ’fiat  the  SO^  content  of  the  gas  stream  decreased  between  the  superheater  and  the 
air  preheater*,  whereas  the  SO3  content  increased  slightly  in  traversing  the  same 
distance.  This  observation  shows  that  conversion  of  SO2  to  SO3  continued  as  the  flue 
gases  progressed  through  the  boiler  system.  The  same  order  oi  magnitude  for  SO3 
concentration  in  a  power-station  boiler  was  reported  by  Crumley  and  Fletchert^^),  who 
fom*d  SO^  values  in  the  range  0.  002  to  0.  007  volume  %  of  the  total  flue  gases. 

There  have  be  in  two  schools  of  thought  regarding  the  mechanism  which  the 
SO^  ox'diced  to  SO3.  Whittlngham  and  his  associates  have  done  considerable  work 
to  support  the  theory  that  the  reaction  is  a  homogeneous  oxidation  occurring  in  the 
flame.  Harlow  has  promoted  the  view  that  the  reaction  is  heterogeneous,  being  de¬ 
pendent  on  catalytic  surfaces. 

*P(c>lkab4)r  became  of  alt  leakage  thtougii  the  foioece  eating. 
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TABLE  12.  SULFUR  OXIDES  FOUND  IN  THE  FLUE  GASES 
OF  AN  OIL-FIRED  BOILER^^^) 


Constituent 

Percentage  of  Constituent  at 
Indicated  Location  and  Temperature 
Super-  Air  Preheater 

heater  Inlet  Outlet 

1800  F  700"  F  300  F 

Sampling  Station 

_A 

SO2  by  volume  (dry  basis) 

0. 148 

0.  124 

0. 114 

0. 152 

0.  129 

0. 128 

0,  133 

0.123 

SO3  by  volume  (dry  basis) 

0.0034 

0. 0038 

0.0033 

0.0039 

0.0038 

0.0023 

0.0043 

0.0032 

Total  sulfur  gases  by  volume  (average) 

0. 154 

0. 133 

0. 124 

TSeoretical  total  sulfur  gases  by  volume(^) 

0. 149 

0.  139 

0. 126 

Difference 

0.005 

0.006 

0.002 

Sampling  Station  B 

SO2  by  volume  (dry  basis) 

0.  220 

0.  201 

0. 193 

0.  215 

0.  205 

0.  189 

SO 3  by  volume  (dry  basis) 

0.0022 

0.0032 

0.0020 

0.0025 

0.0030 

0.0019 

Total  sulfur  gases  by  volume  (average) 

0.  218 

0.206 

0.193 

Theoretical  total  sulfur  gases  by  volume^^) 

0.  217 

0.  199 

0.  190 

Difference 

0.001 

0.007 

0.003 

Sampling  Station  C 

SO^  by  volume  (diy  basiA) 

0.  100 

0.087 

0.087 

0.096 

0,096 

0.089 

0.089 

SOj  by  volume  (dry  basis] 

0.0020 

0.0031 

0.0020 

0.0029 

0.0033 

0.0014 

0.0017 

Total  sulfur  gases  by  volume  (average) 

0.  100 

0.090 

0.090 

Theoretical  total  sulfur  gases  by  volume^*) 

0.091 

0.085 

0.086 

Difference 

0.009 

0.  005 

0.004 

(a)  Ciicb^stijd  .'iQin  fuel  .MuiyiH  muJ  comtuiUae  (i«La. 
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Oxidation  in  the  Flame.  The  oxidation  of  SO2  in  town  gas  (coal  gas)  flames  was 
studied  by  Dooley  and  W hittingham.  They  showed  that  the  amount  of  SO3  formed  is 
dependent  on  SO2  concentration,  the  nature  of  the  gas  burned,  the  position  in  the  flame, 
and  the  presence  of  materials  that  trap  atomic  oxygen.  The  decrease  in  SO2  oxidation 
with  increased  concentration  of  SO2  which  they  observed  is  shown  in  Table  13.  It  is 
known  that  SO2  functions  as  a  chain-breaker  in  the  sequence  of  reactions  in  which 
sulfur  vapor  is  oxidized,  and  it  is  possible  that  a  similar  inhibitive  mechanism  occurs 
in  this  case.  The  profile  of  SO3  formation  as  a  function  of  distance  in  the  flame  zone 
is  presented  in  Figure  14.  The  profile  was  obtained  on  an  aerated  flame  containing 
0.  05%  SO2.  The  important  feature  of  the  data  is  that  the  maximum  rate  of  SO3  for¬ 
mation  occurs  in  the  cooler  regions  of  the  flame.  This  result  is  consistent  vith  the 
thermodynamics  of  the  SO2-SO3  system,  as  illustrated  in  Figure  where  the 

equilibrium  conversion  of  SO2  to  SO3  is  shown  as  a  function  of  temperature.  At 
equilibrium  below  900  F,  over  90  mole  %  of  the  sulfur  oxide  mixture  is  SO3.  Above 
1600  F,  less  than  15%  of  the  oxidized  sulfur  is  SO3.  With  increase  in  temperature  in 
this  range,  the  SO3  concentration  decreases  rapidly.  Consequently,  this  production  of 
SO3  in  flames  must  be  the  result  of  atomic  oxygen  combining  with  SO2.  The  work  of 
Gaydonl^^)  on  flame  spectra  also  demonstrated  that  the  extent  of  oxi^tion  of  SO2  could 
be  related  to  the  concentration  of  atomic  oxygen  in  the  flames. 


The  oxidation  of  SO2  in  diffusion  flames  of  methane,  hydrogen,  and  carbon 
monoxide  was  also  examined  by  Whittingham.  ^13,  214)  Relatively  large  amounts  of 
SO3,  up  to  0.008  volume  %,  were  formed,  depending  on  the  nature  of  the  flame  and  the 
amount  of  added  SO?.  The  percentage  of  oxidation  of  SO2  in  these  three  flames  is 
shown  in  Figure  16(49).  The  lowest  degree  of  oxidation  occurred  in  the  luminous 
methane  flame  and  the  highest  in  the  carbon  monoxide  flame.  Both  the  carbon  monoxide 
and  the  hydrogen  flame  are  sources  of  atomic  oxygen  via  the  reactions 


CO  +  O2  - >  CO2  +  O 


H  +  O2  - >  OH*(a)  +  O. 


Hence,  one  might  expect  the  oxidation  of  the  SO2  to  be  enhanced  in  these  flames. 


The  effect  of  water  vapor  on  the  degree  of  oxidation  of  SOj,  in  carbon  monoxide 
flames  was  just  the  opposite.  Apparently,  hydrogen  from  the  water  competes  success- 
fully  with  SO2  for  available  oxygen  atoms,  A  mechanism  of  this  type  should  result  in 
the  formation  ol  mure  <JH  radicals: 


H2  +  O - H 


U) 


H  +  SC3 - >  SO2  +  OH*  . 


However,  this  buildup  of  OH  was  not  observed,  so  additional  mechanisms  should  be  in- 
vestig.sfed  to  explain  the  apparent  contradiction. 


Another  stud)  by  Whittingham^^^^^  on  the  decomposition  of  sulfuric  acid  injected 
into  (,as  'lames  shnwed  that  the  rcductlcn  of  SO3  occurred  in  the  inner  cona  of  the  flame, 
probably  by  reaction  of  SO3  with  hydrogen  atoms  as  shown  above.  In  the  lower  tempera¬ 
ture  of  th-  upper  cone,  dissociation  of  SO3  was  significantly  reduced. 


(a)  oil's  (iLC  iaJuaIi. 
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TABLE  13.  THE  OXIDATION  OF  SO2  IN  TOWN-GAS  FLAiviES^^^) 


SO2  in  Exit  Gases,  % 
0.02 
0.04 
0.  11 
0. 15 
0.50 

1 .  f/0 


Oxidation  to  SO3,  % 

~  ToTo 
8.2 
4.5 

3.8 

1.8 

1.0 


FIGURE  14.  THE  OXIDATION  OF  SOj  IN  A  TOWN-GAS 
FLAME149) 

Initial  SO^  concentration  =  0.  05%. 


CATTCLLE  memorial  IMSTITUTC 


39 


Temperature,  F 


UJ  200  300  400 


500  600  700 

Temperature,  C 


eoo  900  tooo 


FIGURE  15.  EFFECT  OF  TEMPERATURE  ON  THE  EQUIUBRtUM  CONVERSION 
OF  SO^  TO  503(52) 
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FIGURE  16.  OXIDATION  OF  SO^  IN  VARIOUS  FIAMJES^'^'^J 


Hence,  it  appen  rs  to  be  fairly  '”•<‘11  established  that  SO3  can  be  formed  from  SO^ 
in  the  cooler  regions  of  the  Aame.  What  remains  to  be  determined  is  the  relative 
amount  of  SO3  produced  by  tins  means,  as  compared  to  that  which  may  be  formed  on 
downstream  catalytic  surfaces  in  the  boiler.  Levy  and  Merrymant^ have  presented 
an  analysis  of  probable  conversion  of  SO^  to  SO3  with  and  without  catalysts  in  the  flame 
rone.  They  concluded  that  the  SO3  the  flue  gases  ptassing  through  a  hot  tone  in  the 
boiler,  containing  iron  oxide  as  a  catalyst,  would  be  a  minimum  at  2000  F  and  reach  a 
maximurr.  at  1100  F,  lAlso  'ce  A.  B.  He  'ey  "Sulfur  Trioxide  in  Combustion  Cases", 
Fuel  Society  Journal,  Untv  of  Sheffield  45-64  (1962).] 


Oxidation  on  Catalytic  Su  tce». 


SO3  has  been  .vtiov  n  for  tn.any  years  an 
sulfuric  acid  manuiacture. 


The  Inciple  of  catalytic  entidation  of  SO2  to 
as  been  t'xe  basis  for  the  contact  process  for 


Corroded  Steel.  Harlo'v(61)  was  the  first  *0  attribute  SO3  formation  in  boiler 


eyste-.'is  to  catalyUc  oxidation  of  SO*  on  heating  aurfaces  at  high  temperatures.  hit 


experiments,  flue  j,.  a  were  passed  through  a  mild-sleei  duct  comainlng  sample  speci> 
n  '-ns  of  boiler  tubco  The  duct,  through  'vhich  the  geset  were  passed,  was  divided  so 
thal  h.ilf  tht  gacf  r.  pa  <  .-ied  over  the  boiler-lube  samples  tind  the  other  half  could  be  used 
as  a  control.  The  whole  apparatus  was  healed  in  a  manner  that  gave  a  temperature 
p.-vtiern  like  that  in  .^  ooilor.  It  was  found  that  when  the  gases  Vfcre  passed  o\’<r  rutty 
steel  Scrap  or  oxidiz  d  superheater-tube  sections  at  1000  F,  a  rise  in  the  eulfurSc  acid 
dewpoint,  in-hcativc  if  increased  SO3  concentration,  resulted.  The  gases  from  this 


T  c  c  t.  e 
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half  contained  more  SO3  than  the  control  section.  In  Figure  17,  the  data  for  sulfuric 
acid  production  over  the  rusty  steel  surfaces  are  shown  as  a  function  of  temperature. 
The  amount  of  SO3  formed  began  to  increase  rapidly  at  800  F  and  reached  a  maximum 
at  1100  F. 

Later,  Harlowt^^^)  demonstrated  that  surface  reactions  on  superheater-tube 
sections  raised  temperatures  still  further,  and  that  if  the  mu.ximum  surface  tempera¬ 
ture  was  kept  low  enough,  very  little  sulfuric  acid  was  formed.  In  another  8tudy(83), 
he  found  that  heating  flue  gases  to  1000  F  resulted  in  a  downstream  maximum  of  801  mg 
of  H2SO4,  whereas  those  heated  to  only  640  F  yielded  at  most  133  mg  of  H2SO4.  Other 
investigators  have  also  repox  .  jd  catalytic  activity  of  steel  surfaces  in  oxidizing  SO2  to 
SOa. 


Oxide  Deposits.  A  number  of  oxides  are  also  known  to  be  catalysts  for  the  oxi¬ 
dation  of  SO2,  and  each  of  them  has  a  characteristic  temperature  range  in  which  the 
conversion  is  most  effective.  The  per  cent  conversion  of  SO2  to  SO3  as  a  function  of 
temperature  is  shown  in  Figure  18  tor  several  oxides.  At  low  temperatures  platinum 
is  the  only  efficient  catalyst.  However,  above  900  F,  significant  conversion  of  SO2  to 
SO3  can  be  brought  about  by  several  oxides  which  are  encountered  on  boiler  surfaces 
or  in  deposits,  namely  V2O5,  Cr203,  and  Fe203. 

Oil-Ash  ITeposits.  Similar  studies  by  Wickert('^i-^*  vvho  passed  air  con¬ 

taining  5%  SO2  over  fuel-oil  ash  components  and  possible  additives,  demonstrated  the 
high  catalytic  activity  of  V2O5  and  Fe203,  although  the  maximum  conversion  obtained 
was  not  quite  so  high  in  his  apparatus  as  those  shown  in  Figure  17.  His  results  are 
shown  in  Figure  19,  which  also  includes  the  effects  of  some  boiler  deposit  materials 
and  synthetic  combinations.  One  such  mixture  containing  60%  V2O5  with  Na2S04  showed 
greater  activity  than  pure  V2O5,  indicating  the  potential  danger  of  SO3  formation  over 
deposits  containing  these  compounds.  On  the  other  hand,  it  was  noted  that  Si02  brings 
about  a  maximum  SO^  to  SO3  conversion  of  only  10%  at  1600  F  and  that  AI2O3  affects 
a  conversion  of  4%,  at  most,  at  temperatures  above  1800  F. 

In  another  invest-galion,  Wiekerli^^^J  noted  that  CaO  also  catalysed  SO2  oxi¬ 
dation,  starting  at  400  F  and  reaching  a  maximum  at  liOO  f  .  Mixtures  01  V2O5  with 
SiO^  or  CaO  gave  significant  con-'crsions  of  SO2  to  SO3  in  the  vicinity  of  1050  to  liSO  F. 

The  use  of  VjO^as  a  catalyst  for  SO2  oxiiiaSion  dates  back  to  1900,  and  sev'eral 
patents  nave  been  issued  for  such  an  application.  "^"1  208)  ’Vhv  Interest  in  this  re¬ 
action  arose  in  the  course  of  the  development  of  the  contact  process  for  the  .nanufaeSure 
of  sulfuric  acid.  Host  nikov  and  i  sociatcs' ^  found  tha'  the  temperature  interval  for 
intensive  contact  cauiysts  was  Si5  to  1023  F.  At  ail  SO2  concentrations  an  increase  in 
gas  velocity  required  a  rise  in  temperature  to  maintain  optimum  conversion  of  to 
SO3.  At  the  present  t.me,  tor  the  manufacture  of  -uif'uric  acid,  ‘H32  l»  passed  o’scr 

at  800  to  ll'.O  1  .  rhe  ccr.iacl  time  is  2  to  4  stconds,  and  the  conversion  of  SO2 
so  SO^  IS  90  to  98%.  A  typical  cu.-firea  av-ler  has  the  con eaponding  temperature 
range  needed  to  pr>n\o-lc  this  reaction  but  tortunately  there  Ls  less  catalyst ,  less  air, 
and  a  shorter  contact  time  sha.n  is  required  for  ideal  reaction  cendttiona,  Ke vertheiess, 
the  contribution  of  lO^  and  vanaeates  10  SO3  prOducUo-n  in  a  boiler  cannot  be 
discounted. 
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FIGURE  19.  CATAI-YTIC  OXIDATION  OF  SO^  TO  SO3  BY  VARIOUS 
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Apparently  the  V^Os  must  be  present  as  a  deposit  over  which  the  SO2  passes  in 
order  to  effect  significant  catalytic  action,  because  Taylor  and  Lewis^^*^'^^  found  no 
additional  SO3  when  0.  045  wt  %  of  V2O5  was  added  to  oil  in  the  form  of  a  soluble 
naphthenats.  In  these  laboratory  experiments,  very  light  V2O5  deposits  were  formed 
on  the  ductwork,  but  the  lack  ">f  SO3  formation  can  be  attributed  to  the  small  surface-to- 
volume  ratio  of  the  system  and  the  fact  that  metal  temperatures  were  lower  than  com¬ 
monly  found  in  boilers.  Similarly,  Rendle  and  Wilsdon^^^^)  found  no  effect  on  sulfuric 
acid  dewpoint  in  an  experimental  furnace  burning  oils  with  significant  vanadium  content. 
However,  their  combustion  chamber  was  operated  at  1830  F,  where  conversion  of  SO2 
to  SO3  by  V2C5  is  very  low,  and  their  system  also  had  a  small  surface-to-volume 
ratio.  Hence  these  observations  are  not  valid  objections  to  catalytic  effects  of  the 
vanadium  in  oil. 

An  effort  to  closely  approximate  boiler  conditions  was  made  by  Burnside, 
Marskell,  and  Miller(29),  who  used  a  pilot-scale  unit.  It  consisted  of  a  horisontal 
combustion  chamber,  a  swirl  chamber  for  mixing,  and  a  vertical  flue  on  which  was 
placed  a  bank  of  superheater  tubes.  The  unit  was  fired  with  coal  gas  to  which  SO2  was 
added  in  controlled  amounts.  The  rate  of  firing  was  such  as  to  maintain  a  gas  temper¬ 
ature  below  the  tube  bank  of  approximately  1500  F.  The  surface  temperature  of  the 
superheaters  was  varied  as  desired  between  850  and  1250  F  by  passing  air  through  the 
tubes.  The  SO2  and  SO3  levels  wetc  determined  by  chemical  analysis  samples  of 
gas  withdrawn  below  and  above  the  tube  bank.  In  addition,  the  dewpoint  was  measured 
at  both  points.  The  results  of  a  series  of  tests  are  presented  in  Figure  20,  showing 
SO3  concentration  above  and  below  the  tube  bank  as  a  function  of  tube-metal  tempera¬ 
ture.  The  data  are  somewhat  scattered,  but  show  clearly  that  SO3  concentration  in¬ 
creased  above  the  tube  bank  as  the  metal  temperature  r  ose.  It  is  significant  that  the 
SO3  level  below  the  tube  bank,  about  50  ppm,  was  great  enough  to  cause  boiler  prob¬ 
lems.  This  amount  of  SO3  probably  resulted  from  oxidation  of  SO2  in  the  flame  sone. 
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FIGURE  20.  CO.NVERSION  OF  TO  SO3  ACROSS  TUBE  BAiNK(29) 

Test  conditions:  Flue-gas  temperature,  1300  to  1400  F, 
C02j  7  to  excess  air,  60%;  SO2  concentration, 

<).  U  to  0, 14%. 
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Experiments  ware  performed  with  an  oil-fired  residential  heating  boiler  ly 
Anderson  and  Manlik(^)  to  examine  SO3  formation  in  different  parts  of  the  system. 

50^  ■»^as  injected  successively  at  four  points  in  the  boiler:  with  the  combustion  ais*;  in 
the  furnace,  in  the  flues,  and  in  the  stack.  From  the  corroeion  resulting  on  steel 
specimens  mounted  in  the  stack,  it  was  estimated  that  the  amount  of  acid  formed  in 
each  of  the  four  zones  was  approximately  equal,  with  slightly  less  forming  in  the  stack. 

With  CS2  added  to  diatiUate  fuel  oil  to  give  1^  sulfur,  the  effect  of  Individual  ash 
constituents  on  the  oxidatio:?  of  SO2  was  studied.  The  ash  constituents  (sodium, 
vanadium,  nickel,  and  iron)  were  added  oeparately  as  oil-soluble  compounds  at  a  con¬ 
centration  of  ZOO  ppm.  The  following  conclusions  were  reached: 

(1)  So  long  as  the  ash  was  suspended  in  the  flue  gases,  it  inhibited  cor¬ 
rosion  due  to  SOj.  When  fired  in  a  clean  boiler,  the  additions  resulted 
in  lowered  corrosion,  up  to  37%  for  the  vanadium. 

(2)  Ash  deposits  form  catalytic  surfaces.  The  conversion  of  SO2  to  SO3, 
as  indicated  by  corrosion  on  the  steel  sample,  was  increased  by  the 
accumulation  of  the  deposits,  except  in  the  case  of  sodium.  Under 
the  test  conditions,  the  iron  gave  the  greatest  increase,  15%. 

(3)  Ash  deposits  formed  from  soditun  ana  vanadium  mixtures  (1  to  1  and 
1  to  3)  catalyzed  SO3  formation  to  a  greater  extent  than  did  tho  indi¬ 
vidual  constituents.  The  l-to-3  mixture  resulted  in  a  42%  increase 
in  corrosion,  while  the  1-to-l  mixture  gave  a  23%  increase. 

These  experiments  demonstrated  that  suspended  oil  ash,  formed  in  burning 
residual  fuel  oil,  can  scavenge  SO3  from  the  gas  straam.  However,  as  soon  as  the  ash 
has  accumulated  on  boiler  surfaces,  the  catalytic  effect  of  the  ash  deposit  overshadows 
the  inhibitive  effect  in  the  gas  stream,  whether  it  be  reaction  or  adsorption,  and  the 
net  result  is  increased  SO3  in  the  gas  stream.  The  enhanced  catalytic  activity  indicated 
for  the  sodium  vanadate  deposit  is  particularly  noteworthy  because  both  these  elements 
are  commonly  encountered  in  residual  oils.  This  study  is  tho  most  complete  one  re¬ 
ported  to  data  that  has  been  perlormed  under  actual  boiler  conditions.  It  constitutes  an 
important,  contribution  because  it  has  verified  many  of  the  ideas  suggested  by  results  of 
earlier  research.  Extrapolation  of  the  data  to  a  large  boiler  would  be  more  reliable, 
perhaps,  if  SO3  had  actually  been  measured  in  the  gas  stream  rather  than  estimated 
irom  cor  rosion  damage. 

The  temperature  dependence  cf  these  catalytic  effects  has  been  brought  out  in 
full-scale  boiler  operation  also.  Coward.l^^»  reported  that  in  tlie  initial  operation  of 
Ripple  Power  Station  in  England  the  surface  temp<^rature  of  the  superheater  tubes  was 
1100  F,  with  ^  steam  tempe-ature  of  850  F  at  the  superheater  outlet.  This  temperature 
is  the  oytimum  for  Fe->03  catalysis  of  SO2  oxidation,  and  the  excessive  amount  of  SO3 
in  the  flue  gases  wao  made  evident  by  perforation  vf  one  air  proheater  surlace  ..iter  only 
8  weeks  of  operation.  Reduction  of  the  temperature  of  the  euperheaiei  surface  to  900  F 
was  D.  oo^ht  about  by  reducing  gas  velocity  through  the  superheater  and  regulating  air 
controls  to  produce  a  higher  heat  release  in  tho  furnace.  As  a  result  of  these  modlfi- 
c-'ticne  and  consequent  temperature  lowering,  ai?  prehester  blockage  and  coriosioti 
A-ere  reduced  to  the  point  where  it  be  _me  possible  to  operate  from  one  annual  inspec¬ 
tion  to  the  next  without  stoppage. 
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From  the  maar  of  data  which  haa  been  accvimulated  regarding  SO3  formation  in 
boilers,  it  appears  that  both  oxidation  of  SO2  in  the  flame  zone  and  the  catalytic  oxida¬ 
tion  contribute  to  the  total  SO3  in  the  flue  gaaes.  Widell(219)  showed  by  thermodynamic 
and  kinetic  considerations  that  both  types  of  reactions  probably  do  occur  in  practice. 

The  relative  contributions  depend  on  the  specific  conditions  which  exist  in  a  given  boiler 
system.  Some  additional  facts  which  have  been  reported  regarding  the  effects  of  the 
various  factors  in  boiler  operation  on  the  production  of  SO3  are  given  in  the  next 
section. 


Other  Factors  in  SO3  Formation.  Data  published  by  Rendle  and  WiJsdonl^^^)  on 
the  relation  of  the  SO3  content  of  the  combustion  gases  and  of  the  dewpoint  of  ti  e  gases 
to  the  sulfur  content  of  fuel  oils  are  presented  in  Figure  21.  Results  of  several  other 
investigations  also  have  been  plotted.  Consequently,  the  typo  of  oil,  ash  content,  aH 
combustion  conditions  differ  for  the  various  sets  of  points.  Although  the  plot  of  SO3 
content  shows  considerable  scatter,  it  is  apparent  that  with  more  than  0.  5  per  cent 
sulfur  in  the  oil,  the  SO3  content  of  the  gases  does  not  increase  in  direct  proportion  to 
the  increase  in  sulfur. 

The  dewpoint  plot  brings  out  two  important  points:  (1)  There  is  a  rapid  initial 
rise  in  dev.q>oint  with  the  first  increment  of  sulfur  in  the  fuel.  For  an  estimatsd  dew¬ 
point  of  100  F  with  no  sulfur  (the  water  dewpoint),  an  increase  to  260  F  (H2SO.4  dew¬ 
point)  is  found  with  1%  sulfur.  (2)  There  is  a  relatively  small  rise  in  dewpoint:  as  the 
sulfur  in  the  fuel  oil  increases  beyond  1  to  6%.  Even  if  an  economical  method  of  re¬ 
moving  sulfur  from  oil  were  available,  a  reduction  from  6  to  1%  would  lower  the  dew¬ 
point  only  from  300  F  to  260  F.  It  v/ould  be  necessary  to  achieve  almost  complete 
removal  of  the  sulfur  to  obtain  a  significant  drop  in  dewpoint. 

The  effect  of  flame  temperature  on  SO3  formation  was  reported  by  Crumley  and 
Fletcher^'^^)  for  a  laboratory  furnace  burning  two  different  fuels.  Their  results, 
shown  in  Figure  22,  indicated  a  tenfold  increase  in  SO3  concentration  in  the  flue  gases 
with  an  increase  of  flame  temperature  from  2800  F  to  3100  F,  after  which  the  SO3 
content  leveled  off.  In  this  instance  it  is  likely  that  catalysis  of  SO2  »t  the  refractoi7 
wall  as  a  result  of  the  higher  temperature  was  responsible  for  the  increase  in  803. 

Crumley  and  Fletcher  also  noted  that  at  the  same  combustion  temperature,  an 
increase  of  exce.ss  air  from  9  to  70%  approximately  doubled  the  percentage  of  SO2  that 
was  oxidized  to  SO3.  I.ee8(113)  obtained  data  on  a  large  boiler  at  the  Bankaide  station 
by  variation  of  the  flow  of  primary  air  while  operating  at  constant  load.  An  inc:rease 
in  excess  air  as  represented  by  a  decrease  of  the  flue-gas  CO--  c  -ntent  from  13  to  10% 
resulted  in  a  rise  in  dewpoint  from  300  to  345  F.  Glaubit2(68,69)  carried  this  approach 
to  the  practical  limit  by  operating  refinery  boilers  at  Emsland  with  a  mere  1%  of  ex¬ 
cess  air.  He  reported  that  SO3  formation  was  negligible,  as  evidenced  by  the  lack  of 
problems  with  deposits  and  corrosion. 

Large  changes  i."  the  water-vapoi  content  of  flue  gases  cause  only  slight  changes 
in  acid  dewpoint.  The  variation  of  dewpeint  with  sulfuric  acid  content  of  gases  having 
differt;.t  w.-.ter-vapor  concentrations  is  sho-r.  in  Figure  23,  where  the  range  from  0.5 
to  15%  water  vapor  changes  the  dewpoint  only  30  to  40  F  for  the  medium  to  high  acid 
contents  ind'cated. 
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FIGURE  21.  RELATION  OF  DEWPOINT  AND  SO3  CONTENT 
OF  COMBUSTION  GASES  TO  SULFUR 
CONTENT  or  0IL(‘^6) 


46 


b8 


O  Kerosene;  sulfur  content  2%,ndded  os  ccrtxr 
disulfide 

X  Oietillote  fuel  oil;  notut})  sulfur  content  3% 


FIGURE  22.  VARIATION  OF  SO3  CONTENT  OF  FLUE  GASES 
WITH  FLAME  TEMPERATURE(^) 
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FIGURE  23.  VARIATION  OF  DEWPOINT  WITH  CONTENT 
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HIG H- T EMPERATURE  OIL- ASH  DEPOSITS 


Effect  of  Flue-Gas  Temperatures 


Fire-side  deposits  in  boilers  have  been  the  source  of  considerable  difficulty  be¬ 
cause  they  (1)  reduce  tlie  rate  of  heat  transfer  through  the  boiler  and  steam  tubing  and 
(2)  increase  the  draft  pressure  needed  to  conduct  the  combustion  gases  through  the 
boiler.  The  higher  tube-metal  temperatures  are  often  found  to  lead  to  increased  cor¬ 
rosion  of  the  heat-receiving  surfaces  for  several  reasons.  First,  the  formation  of 
deposits  appears  to  be  closely  related  to  the  temperature  of  the  metal  surfaces,  and 
secondly,  at  higher  temperatures  deposits  react  more  rapidly  with  the  metal. 


The  maximum  temperature  in  the  boiler  system  occurs  in  the  active  combustion 
zone,  where  the  gases  range  from  2700  to  3100  F.  As  heat  is  extracted  from  the  com¬ 
bustion  gases  by  the  furnace-wall  tubes,  the  gas -temperature  drops,  so  it  is  1500  F  to 
2200  F  as  the  gases  leave  the  radiant  section.  These  gases  then  pass  through  the 
superheater  section  where  they  are  further  cooled  to  between  900  F  and  1400  F.  Fol¬ 
lowing  this,  the  gases  usually  pass  through  an  economizer  and  an  air  preheater, 
further  cooling  them  until  they  are  discharged  to  the  stack  at  a  temperature  generally 
lower  than  325  F. 


Effect  of  Metal  Temperatures 


The  heat-receiving  surfaces,  however,  are  not  at  the  same  temperatures  as  the 
combustion  gases.  The  exposed  surface  of  the  steam -gene rating  tubes  in  the  furnace 
and  boiler  sections  may  be  at  temperatures  between  400  F  and  800  F,  while  the  temper¬ 
ature  of  the  superheater  elements  may  range  from  900  F  to  1300  F,  depending  on  the 
final  steam  temperature.  The  economizer  and  air-preheater  metal  surfaces  may  be  at 
temperatures  anywhere  from  500  to  600  F  down  to  about  200  F.  The  discussion  in  this 
section  is  concerned  with  the  external  deposits  which  form  in  the  high-tomperature 
areas;  the  radiant,  convection,  and  superheater  sections  of  the  boiler. 


Formation  of  Deposits 


The  oxidation  of  metal  surfaces  is  essentially  a  corrosion  reaction  that  results 
in  the  formation  of  a  scale  on  the  metal.  The  oxide  film,  or  scale,  is  not  a  coating 
deposited  from  the  surrounding  environment  but  is  the  result  of  a  reaction  between  the 
metal  and  the  gaseous  components  of  the  environment.  In  the  absence  of  other  effects, 
oxidation  '*.an ,  in  extreme  cases,  be  severe  enough  to  seriously  affect  the  perfr. rrnanca 
of  the  metallic  components  in  the  boiler. 


normally,  oxidation  is  not  a  major  prohlem.  The  external,  or  fire-tide,  de¬ 
posits  that  are  formed  from  the  solid  and  gaseous  combustion  products  are  of  far 
greater  concern  in  boiler  operation.  These  deposits  cause  difficulties  due  to  loss  in 
heat  transfer  to  the  water  or  to  the  steam,  and  under  certain  conditions  the  gas  pass¬ 
ages  may  plug  completely.  At  high  temperatures  the  deposits  react  with  the  oxide  and 
metal  surfaces,  causing  pillmg  and  other  types  of  corrosion. 
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Composition  and  Distribution 


J 
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It  already  has  been  explained  that  the  main  harmful  constituents  of  the  oil  ash  are 
sulfur,  vanadium,  and  sodium.  However,  most  of  the  other  elements  that  occur  in 
residual  fuels  also  will  be  found  in  the  deposit.  The  proportion  of  these  constituents 
varies  a  great  deal  from  one  section  of  the  furnace  to  another.  A  number  of  factors  in¬ 
fluence  the  composition  of  the  deposits  in  the  various  eections  of  the  boiler,  with  the 
analysis  of  the  original  fuel  and  the  gas  and  metal  temperature  probably  being  the  most 
important  variables.  The  distribution  of  deposits  has  been  reported  by  Jacklin, 
Anderson,  and  Thomp8on(91 ),  as  shown  in  Figure  24,  and  by  Kirsch  and  Pru88(^05)j 
shown  in  Figure  25.  Both  figures  indicate  essentially  the  same  distribution  of  ash 
components ,  although  it  should  be  noted  that  the  actual  percentages  differ  somewhat  in 
the  two  illustrations.  The  vanadium  content  rises  to  its  maximum  value  in  the  super¬ 
heater  zone,  while  the  iron  and  sulfur  are  highest  in  the  air  preheater.  Figure  25  also 
shows  the  flue  gas,  and  metal  or  wall  tempex’atures  existing  in  the  various  zones. 
Crancher{42)  pointed  out  that  the  superheater-tube  temperature  is  a  functio.u  of  gas 
temperature,  gas  velocity,  and  steam  velocity,  as  well  as  steam  temperature.  Thus, 
there  is  no  specific  relationship  between  tube  temperature  and  steam  temperature,  but 
in  conventional  plants,  100  F  temperature  difference  between  the  outside  of  the 
superheatei -tube  wall  and  the  outlet  steam  is  a  practical  minimum.  The  influence  of 
steam  velocity  is  shown  in  Figure  26.  The  relationship  between  gas  temperature  and 
metal  temperature  has  been  discussed  by  Phillips  and  Wagonerll49)  in  connection 
with  corrosion  studies  on  superheater  alloys.  They  reported  that  while  increasing 
metal  temperature  will  cause  more  corrosion,  a  higher  gas  temperature  for  a  given 
metal  temperature  will  have  a  similar  effect. 
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FIGURE  26.  VARIATION  IN  TUBE-METAL  TEMPERATURE  WITH 
TRANSFER  RATE  AND  STEAM  SPEED^^^) 
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Two  main  types  of  deposits  occur  in  oil-fired  units.  (3)  They  may  be  classified 
as  sulfate  and  vanadate  deposits,  signifying  their  basic  components.  Clarke(37),  and 
Collins  and  Knoxl^v)  have  distinguished  these  two  distinct  types  of  deposits  by  their 
color,  physical  characteristics,  and  water  solubiUty.  A  granular  to  powdery  deposit, 
varying  in  color  from  greenish  white  to  green,  is  usually  found  on  the  coolest  gen¬ 
erating  tubes.  These  deposits  are  high  in  both  sodium  and  sulfur,  and  they  are  water 
soluble.  On  passing  inward  towards  the  hotter  tubes,  the  character  of  the  deposit 
changes,  becoming  less  granular,  with  lower  sulfate  content.  Approaching  the  rear 
of  the  furnace,  the  deposits  are  fused  black  slags,  higher  in  vanadium  content  and 
having  low  water  solubility.  Some  superheater  deposits  are  layered,  with  the  high- 
vanadium-type  slag  adjacent  to  the  tube,  overlaid  with  the  granular,  sulfate-type 
deposit.  The  latter  type  has  sometimes  caused  complete  blocking  in  the  superheater 
sections.  Clarke  indicated  that  other  deposition  patterns  also  have  been  observed. 
Wigan(222)  considers  that  sulfur  is  the  prime  culprit  in  fouling  and  corrosion.  He  re¬ 
ports  that  tests  indicate  that  maiximum  sulfate  buildup  occurs  at  a  metal  temperature 
of  a  little  over  1000  ¥.  This  is  within  the  optimum  range  for  tho  catahdic  oxidation  of 
SOz  to  SO3  on  Fe203  surfaces.  A  surface  scale  can  form  that  is  said  to  provide  an 
ideal  surface  for  continued  buildup  of  deposits.  Vanadium's  contribution  is  also  be¬ 
lieved  to  lie  in  its  role  as  a  catalyst  for  SO2  to  SO3.  In  making  the  above  statements 
Wigan  ia  obviously  referring  only  to  relatively  low-temperature  boilers.  In  other 
discussion  he  acknowledges  the  fact  that  vanadium  is  a  corrosion  factor  in  high- 
temperature  operation. 

Whittingham^^^^)  discussed  deposit  formation,  and  possible  mechanisms  involved, 
in  oil-fired  boilers.  He  classifies  high-temperature  deposits  as  those  occurring  at 
mefal  temperatures  above  about  750  F  and  suggests  that  SO3  in  the  flue  gas  may  be  in¬ 
volved  in  the  reactions.  Deposits  are  the  end  products  of  a  complicated  secjuence  of 
reactions  in  burning  droplets  of  oil,  in  hot  gases,  and  on  heating  surfaces.  The  deposit 
may  form  from  a  combination  of  stack  solids  associated  with  coked  residues  of  oil 
droplets,  volatilized  compounds,  and  soft  or  molten  particles.  Whether  deposits  form 
as  loose  dusts  or  in  a  bonded  form  is  determined  by  the  extent  to  which  a  liqxiid  or 
plastic  phase  is  oroduced  in  tho  primary  layer.  If  the  metal  temperaturr  is  above  the 
softening  or  sintering  temperature  of  the  depositing  particles,  the  initial  Him  will 
adhere  to  the  metal  or  oxide  surface. 

Sulzer(196)  distinguished  between  three  possible  kinds  of  reactions  to  account  for 
the  final  ash  product.  Primary  reactions,  after  all  the  carbon  has  been  burned,  occur 
between  ash  censHtuen.'s  within  the  oil  droplet  at  high  temperatures.  Secondary  re* 
actions  occur  in  tlie  gas  stream  between  the  flame  zone  and  the  place  of  deposition. 
Chrttice.s  of  reaction  between  vapor-phase  ash  constituents  and  SOj  or  SO3  are  consid¬ 
ered  to  be  good.  However,  because  of  high  flow  velocities,  chemical  equilibrium 
probably  is  not  attained.  One  such  reaction  is  that  between  vaporized  NaCl  and  S02, 
according  to  the  following  equation: 

2  NaCl  +  SO2  +  1/2  O2  +  H^O  -  Na2S04  +  2HCI  ♦  51  kllocal/mole  . 

Sulzcr  considered  that  the  heat  generated  by  the  -ibove  reaction  might  be  enough  to 
cause  the  Na2S04  to  be  deposited  in  a  nlastir  or  oemimolten  state.  However,  it  should 
be  remembered  that  if  sufficient  V2IJ5  is  present,  several  other  low-melting  compounds 
could  form  that  would  melt  at  superheater  temperatures.  Fletcher  and  GibsonfS^) 
demonstrated  the  progress  of  this  reaction  over  a  range  of  temperature,  showing  the 
amount  of  Na2S04  formed  from  either  SO2  or  SO3  alone  and  In  the  presence  of  Fe203 
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(Figure  13). 
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The  tertiary  reactions  are  those  occurring  at  the  deposition  surface, 
tween  the  ash  and  the  metal  surface,  or  between  the  deposits  and  SO2  or  SO3. 

WhittinghamC^^^)  also  recognized  the  possibility  of  deposition  of  very  small  solid 
particles  by  molecular  diffusion  or  by  migration  through  a  thermal  gradient.  Prelim¬ 
inary  calculations  indicated  that  the  rate  of  deposition  possible  by  thermal  diffusion  was 
of  the  same  order  as  that  observed  in  practice.  Very  little  work  has  been  done  along 
this  line,  but  the  subject  was  discussed  in  Chapter  3  of  the  ASME  publication(^),  where 
suggestions  for  experimental  programs  are  given. 


Melting  Characteristics  of  Deposits 
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Concern  over  tlie  melting  behavior  of  ash  compounds  has  prompted  a  number  of 
investigators  to  try  various  experimental  techniques  in  an  effort  to  obtain  reliable  data 
on  actual  or  synthetic  ash  mixtures.  In  addition  to  the  interest  in  explaining  bonding  of 
deposits,  as  discussed  above,  the  problem  is  of  importance  in  studying  high- 
temperature  corrosion  and  means  for  overcoming  it. 

Whittingham^^^^^  investigated  the  sintering  and  flow  characteristics  of  laboratory 
ashes  over  a  range  of  vanadium  to  sodium  ratios.  Compressed  pellets  of  the  laboratory 
ashes  were  heated  in  a  furnace,  and  the  temperatures  for  initial  deformation,  partial 
melting,  and  complete  melting  were  observed.  Figure  17  is  a  graph  of  the  ratio  of 
vanadium  to  sodium  in  the  ash  versus  the  temperature  at  which  the  three  end  points 
occurred  in  an  oxidizing  atmosphere.  The  initial  deformation  temperature  denotes  the 
onset  of  sintering  of  the  ash,  and  the  minimum  apparently  is  at  a  1-to-l  ratio  of 
vanadium  to  sodium-  This  coincides  approximately  with  the  formation  of  NaV03  (melt¬ 
ing  point,  1 166  F)  according  to  the  reaction 

Na2S04  4  V2O5  -  2  NaV03  4  SO3  . 

In  Figure  28,  the  importance  of  the  furnace  atmosphere  is  indicated-  The  temperature 
for  initial  deformation  is  affected  considerably  by  a  change  in  the  oxidieing  potential  of 
the  gaseous  atmosphere,  .and  it  fluctuates  over  a  wide  range  with  changes  In  the 
vanadium/sodivun  ratio.  Whittingham  noted,  however,  that  these  wide  variations 
occurred  under  controlled  laboratory  ‘.'onditions,  whereas  aslective  deposition  of  cosn* 
poner'.s  could  occur  in  a  boiler.  Also,  the  presence  of  sulfur  oxides  in  flue  gases 
might  reauU  in  the  formation  of  compounds  with  lower  sintering  temperatures.  Ad¬ 
hesion  of  ash  to  the  meial  will  be  more  likely  in  the  primatn-  l.'ycr  if  the  ash  particles 
are  plastic  or  molten  .as  they  strike  the  metal  or  oxidized  surface.  Whittingham  also 
noted  that  even  an  innially  solid  layer  could  be  converted  to  a  plastic  form  by  reaction 
with  SO3  that  might  be  present  near  the  metal  Surface. 

Wickcrl-^ * used  a  l,«its  heating  micrascopt  to  study  the  melting  beha.-ior  of 
V20r.*Na2S04  mixtures  by  observing  the  sinter  point,  the.  partly  molten  point,  and  the 
ilow  point.  These  results  were  corre'atcd  with  the  adhesion  of  the  mixtures  at  these 
var.^uf-  ?emperatu-c!i  to  a  pUttinum  sheet  '-.irlace.  The  melting  behavior  was  plotted 
as  a  function  of  the  mote  ra.tios  of  the  components  as  'hewn  in  Figure  29-  These 
curves  are  eimilar,  aitiiough  net  exactly  the  same  as  Inose  shown  by  tiHiiitingham  in 
Figure  27.  .A.  very  slight  indical.on  of  adhesion  of  the  deposit  began  at  shout  the  Sin¬ 

tering  temperature.  With  farther  increase*  in  temperature,  the  mixtures  spread  ever 


BAT 


E  C  C  E 


M  E  M  o  n  (  A  L. 


I  *4  S  T  I  T  V  T 


u. 

Q> 


£ 

{£ 


FIGURE  27.  HIGH-TEMPE.RATURS  FLOW  CHARACTERISTICS 

OF  FUEL-OIL  ASH  IN  OXIDIZING  ATMOSPHERE^^U) 
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the  platinum  surface  and  adhered  more  strongly  as  the  fully  molten  condition  was 
approached. 
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FIGURE  29.  MELTING  BEHAVIOR  OF  V205-Na2S04  MIXTURES(21f») 


The  procedure  was  used  to  determine  the  effect  of  several  additives  on  the  melt¬ 
ing  behavior  (see  also  the  section  on  additives  in  Chapter  4).  It  was  shown  that  Si02 
raised  the  melting  point  of  a  V^Og-Nr. 2804-8102  mixture  at  l-to-i/2-to"l/2  mole  ratio 
to  over  1800  F.  ,Tn  a  uatcrai  oil  ash  containing  73%  V205»  8.  45%  Na20i  and  0.  45% 

K20t  silica  additions  also  raised  the  partly  molten  point  and  flow  point  to  over  1800  F, 
but  the  first  effect  was  to  lower  the  sinter  point  to  about  1000  F.  Therefore,  some 
deposition  can  be  expected  on  boiler  tubes  where  the  metal  temperature  is  in  the  1000  F 
range.  Similar  results  were  obtained  with  kaolin.  This  test  did  not  i  ’dicate  any  bene¬ 
ficial  effect  for  MgO  additions  up  to  a  1-to-l-to-l  mole-ratio  mixture  of  V205'‘Ha2S04~ 
MgO.  Partial  melting  occurred  at  about  1100  F,  and  rhe  dopoait  bee."*  le  strongly 
bonded  on  cooling. 
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Niles  and  Sanderst^^®)  used  the  Leitz  heating  microscope  to  determine  the  melt¬ 
ing  characteristics  of  a  few  compounds  as  follows: 


Compound 

Sodium  /  Vanadium 
Mole  Ratio 

Sinter 

Point, 

F 

Initial 

Melting 

Point, 

F 

Final 

Melting 

Point, 

F 

NaV03 

1/1 

984 

1095 

1150 

Na20-3V205 

1/3 

1030 

1150 

1235 

Na20-6V205 

1/6 

1095 

1215 

1295 

2MgO*V205 

— 

1300 

1535 

1965 

3MgO-V205 

— 

1790 

2175 

i.270 

These  figures  are  used  in  discussing  the  mechanism  of  oil-ash  corrosion  to  be  men¬ 
tioned  later. 

Phillips  and  Wagoner^^®®)  and  Johnson(94)  have  used  differential  thermal  analysis 
to  study  melting  and  freezing  points  of  a  number  of  compounds  auid  miictures  possibly 
involved  in  oil-ash  corrosion.  This  procedure  is  used  to  detect  whether  reactions  such 
as  fusion,  freezing  or  decomposition  occur  in  the  sample  while  being  heated  or  cooled. 
Phillips  and  Wagoner  noted  that  freezing  temperatures  were  significantly  lower  than 
melting  temperatures.  The  following  tabulation  shows  the  differences  observed. 


Compound 

Liquidus  Temperature,  F 

Heating 

Cooling 

V2O5 

1220 

1165 

Na20-V204-5V205 

1185 

1060 

Na203V205 

1040 

1020 

i'.aV03 

1040 

1020 

Na2S04 

1625 

1625 

This  is  an  important  observation  in  view  of  the  possible  connection  between  corrosion 
and  molten  ash  compounds.  Corrosion  could  occur  at  temperatures  below  those  indi¬ 
cated  by  melting-point  data.  This  ie  significant  because  boiler  depoeits  occur  ns  a 
result  of  Solidification  of  liquid  ash  on  metal  surfaces.  Evidence  was  found  of  n.  eutec¬ 
tic,  between  NaVOj  and  having  a  soliddica^lon  temperature  oi  BQ5  F. 

Tht  melting  point  of  this  eutectic  determined  by  other  means  had  been  reported  to  be 
1011  r.  Vari.aiions  of  this  order  of  m.agaitucie  have  also  been  reported  for  other 
vanadium  compounds.  The  ejtplanation  lor  these  differences  may  he  in  the  inherent 
accuracy  cf  the  various  methods  of  measurement,  or  perhaps  in  the  method  of  sample 
preparation.  In  Johnson's  paper,  the  emphasis  was  on  Compound  formation  and  the 
determination  of  the  effect  of  possible  additive  metal  oxides  on  the  melting  point  of 
Sodium -vanadium  mixtures. 
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Sulfata  D«e(jn&itB 


Form  of  Deposits 

The  analyses  of  deposits  formed  in  oil-fired  boilers  show  that  the  major  con¬ 
stituents  of  the  oil  ash  predominate  in  the  deposits.  However,  the  proportions  of  these 
constituents  tend  to  vary  a  great  deal  from  one  section  of  the  furnace  to  another  and 
seldom  agree  with  the  distribution  in  the  ash.  Deposits  in  the  high-temperature  sec¬ 
tion  of  a  boiler  generally  exhibit  a  transition  in  properties  and  appearance  from  the 
burner  end  to  the  rear  of  the  furnace.  Clarke(37)  and  Collins(38,39)  both  have  found 
that  the  light-colored  granular  deposits  that  occur  at  the  burner  end  are  high  in  both 
sodium  and  sulfate.  They  are  hygroscopic  to  such  an  extent  that  free  sulfuric  acid  has 
been  observed  by  Slater  and  Parr(190)  during  shutdown  of  marine  boilers  having  this 
type  of  deposit.  The  sulfate  deposits  are  soluble  in  water  up  to  90%,  and  the  resulting 
solution  is  extremely  acid  There  is  a  gradual  transition  in  the  composition  of  the  de¬ 
posits  as  the  rear  tubes  are  approached,  witli  less  sulfate  and  lower  acidity. 

An  extreme  case  of  sulfate  separation  was  reported  by  McCcy(126),  who  found 
13.  2%  Na20  and  30.  2%  SO3  in  deposits  from  the  radiant  section  of  a  boiler  but  none  of 
either  in  the  superheater  deposits. 

The  rear  tubes  usually  have  layered  deposits,  vanadium  being  concentrated  in 
the  first  layer  and  sodium  sulfate  predominating  in  the  outer  layer.  The  existence  of 
sodium  sulfate  as  such  in  the  deposits  has  been  verified  by  X-ray  diffraction  studies  of 
the  fire-side  deposits  from  some  U.  S.  Navy  vessels.  Minor  amounts  of  the 

sulfates  of  other  metals  are  undoubtedly  formed  in  the  deposits  also.  Part  of  the 
calcium  and  magnesium  present  in  the  fuel  oil  and  nickel  and  iron  from  the  boiler  ma¬ 
terials  are  found  in  the  deposits.  It  is  believed  they  occur  as  sulfates.  However,  it 
is  generally  agreed  that  chiefly  sodium  sulfate  is  involved  in  the  fouling  of  oil-fired 
boilers . 

Table  14  shows  data  from  Clarkei^^)  on  the  composition  of  typical  bilayered  de¬ 
posits  where  sulfates  predomuiate  in  the  outer  layer,  while  vanadium  is  concentrated 
in  the  layer  next  to  the  t>ibe. 

TAPtf:  U,  CO\tt>(«.i:iCN  a-  BILaYERFD  deposit  in  04L-HREDBC«LtJiS(31) 


Pnniarv  BUck 

White  Overlny 

Dejiroiot 

Supfrhejicr 

Smlaierv 

Boiler 

Destroyer 

Suparheiter 

-»>  -'loniry 
goUer 

N»;S04 

3S.9S 

23.99 

42.39 

46.70 

NiltSiU 

-• 

8.92 

... 

26.36 

CKSO4 

0.7) 

6,66 

6.73 

MkIOi 

1.S7 

-- 

10.72 

4.rS 

M  > 

Trice 

J.n.i 

6.19 

3.62 

49. 3< 

67.21 

18.79 

6.16 

Pc .  02 
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3.20 

2.95 
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0.65 

0.74 

1.41 
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-- 

- 

-- 

0.12 
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-- 

-• 

1.23 
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Although  it  is  the  combination  of  sodium  and  sulfur  oxides  from  combustion  of  the 
oil  that  is  chiefly  responsible  for  the  formation  of  sulfate  deposits,  there  is  normally 
more  than  enough  sulfur  in  the  oil  to  combine  with  all  of  the  sodium  present.  Conse¬ 
quently,  the  sodium  content  is  commonly  used  as  an  index  of  the  tendency  of  an  oil  to 
form  sulfate  deposits. 

A  typical  distribution  of  mr.teriald  as  determined  by  analyses  of  75  fire-sido  de¬ 
posits  in  the  different  sections  of  an  oil-fired  boiler,  as  reported  by  Jacklin  and 
associ£tes(91),  was  shown  in  Figure  Z4.  In  this  case,  large  variations  in  deposit  com¬ 
position  with  position  in  the  boiler  are  found  for  sulfur,  iron,  and  vanadium.  The 
Fe203  and  total  SO3  content  of  deposits  became  greater  as  the  boiler  was  traversed, 
while  the  other  metal  oxide  concentrations  decreased,  indicating  that  ferric  sulfate 
was  the  chief  deposit  material  beyond  the  superheater.  The  V2O5  concentration  was 
greatest  in  the  highest  metal  temperature  region,  the  superheater,  where  the  molting 
point  of  the  vanadates  is  most  likely  to  be  reached  and  cause  deposits  to  adhere. 


Sulfur  Trioxide  Content.  An  SO3  concentration  gradient  through  the  deposit  has 
been  noted  also.  Harlow(82)  found  25%  SO3  in  the  portion  of  the  deposit  adhering  to  the 
superheater  tubes  and  only  3%  at  the  surface  of  the  deposit.  Weintraub  and  his  associ- 
atesl^f  n  confirmed  this  finding,  observing  a  gradient  from  19.  5%  SO3  to  6.7%.  These 
results  point  to  sulfate  formation  by  reaction  of  SO3  formed  catalytically  at  the  surface 
of  the  tubes. 


Initiation  of  Deposits.  The  initiation  of  deposits  by  alkali  metals  in  combination 
with  oxides  of  sulfur  is  the  most-widely-accepted  theory  for  the  formation  of  these 
deposits.  Analytical  data  showing  selective  deposition  of  sodium  and  potassium  sul¬ 
fates  have  been  published  in  recent  years  by  Carlile(34},  Marskell  and  Miller(^^2), 
and  Jackson  and  Wardi92).  in  an  effort  to  establish  the  relative  importance  of  various 
metals  in  forming  deposits  in  gas  turbines,  oil-soluble  organometallic  compounds 
were  added  to  distUlale  fuel  in  a  study  by  Bowden,  Draper,  and  Rowlingf^d),  The  re¬ 
sults,  shown  in  Figure  30,  indicate  that  sodium  is  by  far  the  worst  in  causing  both 
rapid  and  continued  deposit  formation.  The  same  effect  was  observed  by  Fasmanlf'^^) 
when  synthetic  sea  water  containing  2.5%  sodium  chloride  was  added  {0,  4%  by  volume) 
to  a  distillate  fuel  burned  in  a  small  open-cycle  gas  turbine.  Deposits,  which  were 
primarily  sodium  culfate,  were  sufficiently  heavy  after  64  hours  of  operation  to  cause 
a  27%  decline  in  power  output. 


Bonding  of  Deposits.  Some  have  speculated  as  to  whether  the  initial  bonding  of  a 
deposit  requires  contact  with  the  pure  metal  beneath  the  oxide  film  that  is  present  on 
metallic  surface?.  If  that  is  the  case,  a  purely  physical  phenomenon  may  also  be  im- 
poriant.  Electron  photomicrographs  of  the  oxidised  surface  of  ateel  by  Pfefferkorn^^^^) 
j  have  shown  a  grassUke  structure  of  Fe203,  indic-iting  that  paTticloa  larger  thu  i  5 

microns  would  not  r-  ach  the  pure  metal  surface  of  the  holier  tube.  However,  puhli- 
I  metioa  products  0.  !  micron  in  diameter  could  penetrate  t>!»  interlaced  needles  of 

I  oxide,  and  it  n.  po£.*il>ie  that  sublimed  sodium  and  potassium  compounds  do  reach  the 

true  surface.  A  few  written  rcporls(5»  1-9)  and  a  good  deal  of  hearsay  evidence  indi- 

Icalc  that  newly  commissioned  boilers  and  those  cleaned  to  bare  metal  by  water  wash¬ 
ing  experience  periods  of  immunity  to  deposit.  These  observations  suggest  there  is  an 

1 
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induction  time  in  deposit  buildup  during  which  (a)  diffusion  through  the  oxide  layer  may 
occur  or  (b)  a  material  having  a  structure  close  to  that  of  the  oxide  may  be  formed. 
After  the  initial  reaction,  a  more  rapid  accumulation  of  deposit  would  be  expected. 


Mechanism  of  Formation.  The  work  of  Anderson  and  Diehl(^)  pointed  out  the 
most  likely  mechanism  for  sulfate  deposit  formation: 


(1)  The  alkalis  in  the  ash  deposited  on  the  clean  tubes  are  converted  to 
sulfates  by  reaction  with  SO2  and  SO3  from  the  gas  stream. 


(2) 


Iron  oxide  and  aluminum  oxide  react  with  the  alkali  sulfates  and  addi¬ 
tional  SO3  to  form  alkali  iron  sulfates  and  alkali  aluminum  sulfates. 
These  complex  sulfates  have  low  melting  points,  1000  F  to  1500  F, 
which  is  the  range  of  surface  temperatures  of  the  tubes.  Thus,  a 
tightly  adherent  bond  to  the  metal  is  formed. 


(3)  The  inner  layer  increases  in  thickness,  and  fly  ash  from  the  flue 
gases  adheres  to  the  sticky  surface. 


(4)  Finally,  as  the  thickness  increases  and  the  temperature  of  ‘he  outer 
surface  rises,  alkali  silicates  are  formed,  and  the  outer  layers  are 
fused  into  a  strong  glassy  deposit. 


It  was  further  demonstrated  in  the  study  by  Anderson  and  Diehl  that  it  is  possible 
to  form  sodium  iron  sulfate,  Na3Fe  (804)3,  F  and  potassium  iron  sulfate, 

K3Fe  (804)3,  in  the  range  1000  to  1200  F  in  an  atmosphere  containing  only  80^  and 
no  SO3.  This  reaction  is  attributed  to  the  catalytic  effect  of  Fe203  at  these  tempera¬ 
tures.  These  data  substantiate  the  findings  of  Fletcher  and  Cibson(57)j  who  studied 
the  reaction  of  SO2  and  SO3  with  NaCI,  using  radioactive  sulfur,  and  showed  that 
sodium  sulfate  can  be  formed  from  SO2,  particularly  in  the  presence  of  Fe203,  as 
discussed  previously. 


This  same  viewpoint  has  been  advanced  by  Sulner(^96,  197)^  studies  of 

residual-oil  combustion  in  gas  turbines.  He  suggests  that  the  following  reaction  plays 
a  large  part  in  sulfate  formation; 


ZNaOl  -i  SO2  +  1/2  O2  +  HgO  -  Na2S04  4  2HC1  4  51  kcal. 


It  is  his  contention  that  the  heat  evolved  in  this  reaction  may  hr<ng  the  particle  tem¬ 
perature  sufficiently  above  the  ambient  temperature  to  melt  the  fine  particles  of 
Na^SO^  formed.  Dense,  partly  molten  deposits,  consisting  of  over  95%  Na2S04,  have 
been  observed  on  turbine  blades  even  at  temperatures  of  about  1200  F,  although  the 
melting  point  of  Na2S04  is  1630  Such  an  explanation  for  turbine  systems  may 

be  questioned,  however,  on  the  basis  of  observations  by  Widell  and  Juhasrt^’^',  who 
found  tliat  the  softening  temperatures  of  mixtures  of  Na^SO^  and  V2O5  were  1050  to 
1 100  F.  This  was  t  uc  even  when  the  mixtures  contained  .is  little  as  10%  V2O5,  which 
is  ustallv  present  also.  So,  it  is  possibi.r  ’hat  a  low-melting  eutectic  composition  may 
have  been  formed  tnstead  of  a  highly  exothermic  reaction  occurring. 


.A  hit  of  sulfate  compositiona  which  may  be  encountered  in  boiler  systems,  with 
their  respective  melting  points,  is  presented  in  Table  15.  Several  of  these  materials 
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have  sufficiently  low  melting  points  to  be  fused  onto  superheater  tubes.  Five  polymor¬ 
phous  forms  of  Na2S04  have  been  identified  by  X^mbertsonl^^M  in  superheater  deposits 
from  a  naval  boiler,  and  Simona,  et  al.  found  CaSO^  as  well. 


TABLE  15.  MELTING  POINTS  OF  SULFATE  COMPOSITIONS (!^) 


System 

Melting  Point, 
F 

Remarks 

Na2S04 

1623 

K2SO4 

1969 

Na2S04-75%,  K2S04-2S% 

1530 

K2S04{s)-S03(g) 

635 

3K2S04-Na2S04(s)-S03(g) 

535 

K3Fe(S04)3 

750 

Fe2(S04)3 

896 

Decomposes  to  Fe203  and  SO3 

Al2(S04)3 

1418 

Forms  AI2O3  and  SO3 

CaS04 

2642 

CaS04-42%,  K2S04-31%.  Na 2504-27% 

1400 

Na2S04,  K2SO4,  Fe2(S04)3 

1030 

Na?S04,  K?.S04,  Al2(S04}3 

1030 

MgS04 

2055 

Forms  MgO  and  SO3 

NiS04 

1544 

Forms  NIO  and  SO3 

NaHS04 

482 

Forms  Na2S20^ 

Na2S207 

752 

ZnS04 

1364 

Forms  ZnO  and  SO3 

Na  iS04-CaS04  eutectic 

1675 

Mixtures  melt  from  1620  F 
to  1740  F 

(4)  Compiled  from  vitioui  wuicct. 


has  offered  CaS04  formation  as  an  explanation  for  heavy  deposit 
lormation  when  calcium  compounds  are  used  as  additives  to  residual  oils.  He  pro- 
poiies  a  mechanism  as  follows;  CaO  forms  during  combustion  and  collects  on  metal 
surfaces,  where  »l  rcccts  cxotbermaliy  v/ith  the  SO3  in  the  gas  stream  to  form  CaS04. 
Suliur  dioxide  in  vhc  gases  may  be  oxidixed  catalytically  to  SO3  by  V2O5  formed  from 
the  combustion  of  the  oil. 

Although  CaSO^  has  a  reported  melting  point  of  2640  F,  Sulxer  believes  that  the 
hea;  of  formation  may  raise  the  temperature  sufficiently  to  cause  a  sticky  surface. 

It  sliould  be  pointed  out,  however,  that  the  dissociation  of  CaSCXi  begins  at  about 
1850  F,  which  is  significantly  below  this  melting  point.  Simons  noted  that  mixturt- s 
of  Na^SO^  Cud  CaSO^  melt  in  the  range  I6OO  to  1750  F,  depending  on  their  coixti  v  si- 
tion,  and  U  is  likely  that  one  of  these  mixtures  is  involved  whenever  calcium  Is  iound 
in  bonded  deposits-  The  phase  diagram  for  the  Na2S04'K2S04-CaSO4  ternary 
system'*®’)  sho’rs  a  eutectic  at  1400  F,  so  that  other  relatively  low-melting  mixtures 
are  possible  as  well,  to  account  for  mixed  deposits. 

Magnesium  sulfate  seems  to  play  little  part  in  deposit  formation,  although 
LewisHl^}  found  it  to  be  present  in  deposits  from  residual-oil  ash  when  magnesium 
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compounds  were  used  as  additives  to  combat  vanadium  corrosion.  However,  experi¬ 
ence  at  the  Gas  Turbine  Division  of  the  Westinghouse  Electric  Corporation  has  shown 
that  no  MgS04  is  found  in  deposits,  although  there  is  more  magnesium  present  in  the 
additive  than  would  be  required  to  react  with  all  of  the  vanadium  present(^^^). 

Vanadate  Deposits 

Form  of  Deposit 

The  relatively  large  amount  of  vanadium  which  occurs  in  many  residual  oils 
accounts  for  a  sizable  portion  of  the  deposits  in  oil-fired  systems.  Vanadium  was 
found  by  Clarke(3^)  in  the  compact,  black,  crystalline  deposits  on  the  high-temperature 
rear  tubes  of  a  marine  boiler,  in  a  form  which  he  believed  to  be  one  of  the  lower  oxides 
of  vanadium.  As  shown  in  Table  14,  whenever  a  two-layered  deposit  occurs,  the 
vanadium-rich,  black  layer  is  found  adjacent  to  the  tube.  Ir  the  form  V^Og,  the 
vanadium  has  been  reported  in  deposits  on  the  final  stage  of  a  gas  turbine,  as  shown 
by  X-ray  analy8i8(l‘^8).  However,  it  is  more  common  to  find  the  vanadium  in  combi¬ 
nation  with  sodium,  as  a  vanadate.  Sodium  vanadyl  vanadates  (Na20.V204-  5V2O5  and 
Na20-  ^204-  IIV2O5)  have  been  observed  in  deposits  on  marino-bol’sr  tubes  and  in  the 
high-temperature  regions  of  gas  turbines.  The  vanadate  deposits  are  characterized 
by  low  water  solubility,  as  compared  with  the  sulfate  deposits,  one  analysis  showing 
10%  of  a  soluble  portion  to  be  V2O5,  as  compared  with  7E%  of  the  insoluble  portion.  (1^9) 

Selectivity  in  the  deposition  of  vanadium  compounds  was  noted  also  by  Lloyd  and 
Probert(lf®),  as  a  typical  analysis  of  a  gas-turbine  deposit  showed  33%  V2O5  on  a 
stator  blade  as  compared  with  43.  2%  on  a  rotor  blade,  from  an  oil  ash  containing  62% 
VeOs- 

There  is  evidence  from  the  study  of  Zoschak  and  Bryers^^^^)  that  vanadium- 
containing  deposits  are  initiated  by  condensation  of  V2O5  on  tube  surfaces  and  are  built 
up  by  subsequent  reaction  with  other  ash  components  and  with  SO3  in  the  flue  gases. 
Occasionally,  V2O5  as  such  has  been  observed  in  X-ray  diffraction  studies  of  deposits, 
and  this  type  of  deposit  undoubtedly  forms  by  condensation  of  V2O5  from  the  gaseous 
ph.ise.  However,  sodium  and  sulfur  are  invariably  present  in  the  oil-ash  also,  and 
interactions  of  vanadium  v.ith  these  elements  results  in  more  complex  deposits. 

Vanadium  .“^nd  Sodium.  The  effect  of  the  ratio  of  vared'um  to  sodium  has  been 
.  studied  by  Evans  and  associatesl^^),  who  found  that  both  deposits  and  corrosion  were 

I  decreased  when  the  vanadium-to-sodium  ratio  was  reduced.  At  the  same  time  the 

deposits  became  increasingly  water  soluble  and  eaaily  removed.  Tsble  16  shows  the 

i  analyses  of  the  fuels  and  the  improvement  obtained  by  lowering  the  vanadium -  to-Sodium 

ratio  of  the  fuel  from  li;l  to  1:1- 

I 

I 

\ 
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TABLE  16.  EFFECT  OF  THE  VANADIUM-SODIUM  RATIO  ON  DEPOSITION 
AND  CORROSION  BY  RESIDUAL  OILS(54) 


Fuel 

Venezuelan 

Middle  East 

Analyses 

Total  Ash,  wt  % 

0.060 

0.045 

Vanadium,  wt  % 

0.022 

0.009 

Sodium,  wt  % 

0.002 

0.009 

10-Hour  Turbine-Test  Results 

Gas  Temperature,  F 

1305 

1267 

Average  Stator  Blade  Deposit,  g 

0.  165 

0.043 

Deposit  Type 

Strongly  bonded,  ceramic¬ 
like  ,  hard  to  remove 

Largely  water  soluble 

Corrosion  Wt  Loss,  g 

0. 154 

0.  068 

These  results  indicate  tliat  there  are  some  combinations  of  sodium  and  vanadium 
oxides  which  adhere  more  readily  to  the  heated  metal  surfaces,  probably  because  they 
are  lower  melting.  A  detailed  study  of  the  phase  equilibria  in  systems  involving  Na20, 
SO3,  and  V2O5  was  conducted  by  Foster  and  associatesl^^).  They  demonstrated  that 
Na2S04  and  V2O5  are  not  compatible  with  each  other  either  in  the  crystalline  or  in  the 
molten  state.  These  two  compounds  react  upon  heating,  with  evolution  of  SO3,  to  form 
NaV03  and  complex  vanadates.  Foster  concluded: 

(1)  Na2S04  exists  only  in  mixtures  containing  less  than  56%  V^Og. 

(Z)  SO3  is  liberated  from  all  mixtures,  partially  up  to  56%  V2O5  and 
completely  beyond  56%  V2O5. 

(3)  The  56%  V2O5  mixture  consists  entirely  of  Na20"V205, 

(4)  The  80%  V20g  mixture  consists  entirely  of  Na20*3V205. 

(5)  The  88%  V  .Ot;  mixture  cen.'sists  entirely  of  the  complex 
Na20'  V204-5V20g. 

(6)  Free  V20g  exists  only  in  mixtures  contaLiiing  in  sxrrss  of  88.8% 

VzOs- 

The  data  of  Niles  and  Sanders^*^®^  were  similar,  showing  the  existence  of  com¬ 
pounds  having  N'a20'to-V2C>5  ratios  of  1  to  1  and  1  to  3  and  almost  1  to  6  (Na20- V204* 
5V2O5).  U  was  observed  that  the  l-to-6  ratio  was  Tiairitained  in  the  molten  sail,  ^t 
oxygen  was  evolved  or  cooling,  resulting  in  the  Oxygen-deficient  structure. 

Anotner  intermediate  cemposition,  5Na20-  V204‘  H  V2O5.  was  investigated  by 
Phillips  and  WagonerO^O)  ^y  using  differential  therm*  1  analysis.  They  found  evidence 
for  a  eutectic  having  a  solidification  temperature  of  900  F.  A  material  melting  si  a 
temperature  this  low  could  act  as  a  bonding  agent  for  deposits  in  boilers  operating  at 
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moderate  steam  temperatures.  Another  study  by  these  investigators(^^9),  in  which 
metallic  contaminants  were  added  to  a  gas  flame,  showed  that  increasing  the  sodium- 
to-vanadium  ratio  resulted  in  soft,  bulky,  loosely  bonded  deposits.  This  result  con¬ 
firmed  the  previously  cited  work  of  Evans  and  associates,  which  was  carried  out  on  a 
gas  turbine. 

Additional  oxygen- deficient  sodium  vanadate  compositions  have  been  reported  by 
Canneri(32),  who  claimed  to  have  prepared 

Na20-V204-4V205 

2Na20-V204-4V205 

3Na20-V204-5V205. 


Systems  similar  to  the  first  two  are  reported  with  potassium  replacing  the 
sodium.  It  is  possible  that  complex  vanadates  of  this  nature  occur  in  boiler  and  turbii 
deposits  and  account  for  the  inability  of  investigators  to  identify  all  the  deposit  com¬ 
ponent;  by  X-ray  diffraction.  There  have  been  several  reports  of  ''  midentified  lines" 
in  X-ray  patterns  which  do  not  conform  to  any  compounds  listed  in  F'andard  tables. 

The  formation  of  vanadyl  sulfate,  (V02)2S04,  by  the  interactii  n  of  V2O5  and  SO: 
at  temperatures  above  650  F  was  claimed  by  Wickerti^^^).  Maxim:  r.  formation  of  thi 
compound  occurred  at  850  F  and  dissociation  began  at  930  F.  Vanat  yl  sulfate  proved 
to  be  very  insoluble  in  water  and  perhaps  may  account  for  the  insoU  hle  portion  of  man 
boiler  deposits  containing  vanadium. 

In  an  effort  to  come  closer  to  actual  conditions  than  is  achieved  by  using  mixture 
of  Na2S04  and  V2O5,  Wickertt^^®)  examined  the  combination  of  Na20  and  V2O5  in  an 
S02*oxygen  atmosphere.  Under  these  conditions  he  found  that  SO3  would  react  with 
Na20"6V205  to  produce  the  combination  V205*  2SO3.  This  compound  is  probably  bette 
formulated  as  vanadyl  pyrosulfate,  •  In  addition  he  found  evidence  for  the 

existence  of  2V205-S03,  which  most  likely  is  a  combination  of  vanadyl  sulfate  and 
V2O5.  as  {V0>)2S04  V205. 

Melting-point  diagrams  for  the  sodium  vanadate  and  potassium  vanadate  systems 
have  been  rep  orted  by  A  thermal-arrest  diagram  for  the  Na2S04*V205 

system  has  been  prepared  by  Cunningham  and  Bra«unaB(45)j  and  the  phase  diagram  foj 
the  calcium  v.madate  system  is  given  by  MoroBovU34).  thermal-arrest  diagram 

for  Fe^O  -V2O5  mixtures  has  been  reported  by  Monkman  ar.J  Grant(133).  au  of  thesSi 
diagrams  are  characterised  by  the  presence  of  low-melting  components  which  would 
contribute  to  deposit  problems  in  steam-generating  systems. 

The  nature  of  vanadate  deposits  in  boilers  and  the  mechanism  of  thuir  formation 
is  obviously  complex.  The  conditions  in  each  bciler  systeni  vary  sufflciemly  that  no 
single  cxplanalio’-  can  be  offered  that  will  cover  most  cates.  However,  from  the  mass 
of  data  which  ha'  e  been  accumulaleo,  it  appears  that  vanadate  deposition  is  a  potential 
problem  in  J-oilcrs  operating  with  tube  temperatures  anywhere  above  650  F.  The  likeli 
hood  ot  difficulty  increases  with  lube  temperature,  as  observed  by  Sul£erll96)  while 
experimenting  with  deposition  rales  of  three  fuels  at  various  temperatures.  His  result 
arc  shown  in  Figure  31.  The  nigh-sodium  high-sulfur  fuel  bad  the  highest  deposition 
rate  at  all  temperatures,  but  the  vanadium -containing  fuel  showed  the  greatest 
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temperature  dependence.  The  rates  became  very  nearly  equal  at  1300  F,  which  is  the 
maximum  tube  temperature  encountered  in  present-day  practice.  In  the  absence  of 
Sodium  and  vanadium^  deposits  were  negligible. 


Low- Vanadium  Fuels.  Noteworthy  is  the  fact  that  there  are  some  residual  fuels 
sufficiently  lov/  in  vanadium  and  sodium  that  they  do  not  cause  deposit  or  corrosion 
problems.  An  example  of  this  situation  has  been  reported(“ 60)  in  work  on  Canadian 
residual  oils.  Only  negligible  amounts  of  deposits  and  corrosion  were  observed  in 
1000-hour  tests  when  using  residual  oils  from  crudes  of  the  Leduc  oil  fields  in  Alberta. 
The  fuels  contained  from  0.7  to  13.5  ppm  of  vanadium  and  from  3.8  to  54.7  ppm  of 
sodium.  The  highest  rate  of  ash  deposition  was  only  5  mg/sq  cm  in  1000  hours  at 
1300  F  gas  temperature.  However,  as  yet  no  one  has  reported  the  maximum  allowable 
concentrations  of  vanadium  and  sodium  that  will  be  compatible  with  deposit-  and 
corrosion-free  operation  of  a  steam- gene  rating  system. 
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CHAPTER  S.  HiGH-TEIIPERATURE  CORROSON  REAOTt^S 


This  chapter  reviews  the  reactions  that  cause  deterioration  of  the  metal  components 
at  high-temperature  areas  in  the  boiler  as  a  result  of  burning  residual  fuel  oil.  Mate¬ 
rials  of  construction  are  exposed  to  oxidation  and  other  reactions  by  corrosive  Cue  gases 
and  attack  by  molten  deposits  of  the  oil-ash  mixtures. 


OXIDATION  OF  METALS 


There  has  been  a  vast  amount  of  research  conducted  on  various  aspects  of  the  oxi¬ 
dation  of  metals  at  high  temperatures.  A  complete  survey  of  this  work  is  beyond  the 
scope  of  this  report.  However,  a  brief  re^de'v  of  the  mechanism  of  film  formation  and  of 
the  laws  governing  its  growth  is  presented  here  as  an  introduction  to  the  discueaion  of  the 
behavior  of  metals  in  boilers. 


Mechanism  of  Oxide-Film  Formation 


Practically  all  metals  and  alloys  have  a  tendency  to  react  with  a  surrounding 
gaseous  environment.  Because  the  rate  of  chemical  reactions  increases  considerably 
with  increasing  temperature,  the  problem  of  oxidation  of  a  metal  become#  particularly 
important  at  higher  temperatures.  Generally,  the  first  result  of  a  motal-gaa  reaction  is 
the  formation  of  a  solid  f.im  on  the  metal  surface.  If  the  surrounding  gas  i*  air  or  eacy- 
gen,  the  film  could  be  an  oxide  of  the  metal.  This  film,  in  a  sense,  separates  the  metal 
Irom  the  gas  environment,  but  does  not  necessarily  stop  continued  oxidation.  Diffusion, 
or  some  other  mechanism,  permits  the  ,^aB8age  of  oxygen  ions  through  the  film  to  react 
at  the  metal-oxide  inierf.ace.  Wagner(‘lf’9)  has  listed  four  factors  that  influence  the  prog¬ 
ress  of  oxidation:  (1)  tluckness  of  the  layer,  (Z)  concentration  or  pa.  tial  pressure  of  the 
oxidiring  gas,  (3)  temperature,  and  (^)  -emposition  of  the  alloy.  A  complete  review  of 
the  fundamental  con.*)  :leriiii:ui3  involved  in  the  mechanism  and  kinetics  of  oxidation  of 
metals  is  give-i  'n  the  book  bv  Kubasehewski  and  HopkinsfiO^). 


Kinetics  of  the  Reaction 


Oxidation  may  proceed  at  varying  rates,  ?-:d  several  different  relatioaships  have 
been  discovered  empiricaily  between  weight  LticreaBc  per  uni;  icrca  caused  by  oxidation 
fAm)  and  time  of  expos  ,ie  (t). 

Four  of  these  reSats  «i  hips  are: 

(1]  Am  =  rlI 

(Z)  im'  s  kpt 
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(4)  Am  =  k£  (log  at  +  t©), 

reprssentirtg  the  {1}  linear,  (2)  parabolic,  (3}  cubic,  and  (4)  logaritlmilc  rolationshlpB, 

A  schematic  plot  of  Am  versus  t,  shown  in  Figure  32,  helps  to  visualise  the  progress  of 
oxidation  with  time.  When  the  corrosion  p’-^duct  is  volatile  or  when  the  scale  is  porous 
and  nonprotective,  the  linear  law  will  determine  the  progress  of.  oxidation.  In  this  case, 
oxidation  is  proportional  to  time  with  no  noticeable  stifling,  or  slowing  down.  Figure  32 
shows  that  in  the  other  three  cases  oxidation  rates  are  high  at  first  but  tend  to  slow  dovva 
as  the  film  formed  on  the  metal  interferes  witli  the  passage  of  ions  and  electrons.  The 
parabolic  rate  law  is  a  common  one,  describing  the  situation  where  the  oxidation  reaction 
is  controlled  by  diffusion  of  the  reacting  materials  through  the  film.  It  should  be  noted 
that  a  metal  may  start  to  oxidize  according  to  one  law,  and  then  continue  according  to 
another  law.  Also,  a  change  in  temperature  may  result  in  a  different  kinetic  relationship. 


Metal  Sulfide  and  Sulfate  Formation 


While  the  above  comments  refer  to  oxidation  air  or  oxygen  atmospheres,  metals 
and  alloys  will  also  react  to  form  films  with  other  gases,  such  as  carbon  dioxide,  sulfur 
dioxide,  or  hydrogen  sulfide.  This  is  of  interest  because  these  gases  may  be  pre»aat  in 
the  combustion  products  of  fuel  oil.  The  mechanisms  of  film  formation  and  the  rate-of- 
growth  laws  are  fundamentally  similar  to  those  applicable  in  air  atmospheres. 
Kubaschewski  and  Von  Goldbeck(^09)  discussed  the  mechanism  of  sulfidation  is  gaseous 
sulfur  compounds.  Metal  sulfides  are  formed  which  may  have  different  properties  than 
the  oxides.  If  oxygen  is  also  present,  sulfates  and  perhaps  other  sulfur-oxygen  metal 
compounds  may  form  to  complicate  the  situation.  The  relatively  low  melting  points  of 
some  sulfides  and  metal-suifide  eutectics  arc  responsible  for  some  of  the  deleterious 
effects  that  have  been  observed.  If  the  temperature  is  high  enough  to  melt  the  compound 
present  in  the  film,  the  liquid  sulfide  tend*  to  penetrate  ‘‘‘‘e  metal  or  alloy  along  it®  grain 
boundaries.  Thi«  type  of  intergranular  attack  has  been  ojserved  in  high-nickel  alloys 
exposed  to  sulfur -containing  gases  under  reducing  conditions. 


Oxida'inn  ^  Metal?  by  Hot  Combustion  Gasei 


Combustion- Ga  s  F orma tion 

The  gaseous  tKjrtion  of  the  combustion  product*  of  a  fuel  oil,  under  condition*  of 
compieie  cemtbustion  'sifh  the  stoichiometric  quantity  ofaif,  should  consist  ofCOj,  H^O, 
SOj,  and  N’.  This  situation  is  not  likely  to  exist  in  actual  boiler  operation.  In  practice, 
the  gas  mi''’';re  may  »lf>o  contain  some  O?,  Hj.  CO,  And  SC-j.  The  quantity  of  ■r''’h  com¬ 
ponent  i.n  ihr  gas  stream  wii!  depend  on  the  •criginaj  compos.-ion  of  the  fuel  and  on  the 
comhuslipn  conditso.nR, 


MrLal  -G.~,s  t?  f  ac  tion  * 

When  il'.r  gas  mixture,  resulting  froJn  fuel-oil  combustion,  sweeps  over  the  hot 
metal  surfaces  in  the  boiler,  there  will  be  a  tendency  for  reactions  to  lake  place  between 
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FIGURE  32.  THE  OXIDATION  -  TIME  RE1ATIONSHIPS(108) 
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the  metal  surface  and  some  of  the  components  of  the  gae  mixture.  If  the  mixture  is  oxi¬ 
dizing,  oxide  films  will  form  on  the  metal  surfaces  and  continue  to  grow  according  to  one 
or  more  of  the  rate  laws.  (See  discussion  of  Figure  32,  under  "Kinetics  of  the 
Reaction".  At  low  temperatures  and  steady  operating  conditions,  the  rate  of  oxidation 
may  decrease  to  a  relatively  low  value.  Under  more  severe  conditions,  thicker  films 
will  be  formed.  These  often  develop  into  heavy  scales  that  may  crack  or  spall.  Also,  in 
some  cases,  oxides  or  sulfides  may  penetrate  the  metal  along  its  grain  boundaries.  If 
this  surface  and  subsurface  attack  continues,  the  result  will  be  a  reduction  in  the  effec¬ 
tive  metal  thickness  and  strength  of  the  boiler  tubes  and  other  boiler  components. 

The  behavior  of  metal  surfaces  in  contact  with  hot  combustion  gases  is  of  interest, 
not  only  because  oxidation  and  sulfidation  are  themselves  harmful  corrosion  reactions, 
but  also  because  oxide  films  have  been  suspected  of  being  involved  with  the  buildup  of 
thick  undesirable  deposits  in  the  hot  zones  of  a  boiler.  For  example,  in  the  operation  of 
a  new  boiler,  or  a  clean  boiler,  it  is  reported  that  a  period  of  immunity  against  deposit 
formation  often  exists,  during  which  time  an  oxide  film  is  being  formed  on  the  metal  sur¬ 
faces.  As  discussed  on  page  106  of  the  ASME  report(2),  several  explanations  for  the 
buildup  of  deposits  have  been  offered.  Tht*  exact  nature  of  the  starting  surface  required 
for  the  initiation  of  bonded  deposits  has  nc  been  established. 


Factors  in  Oxidation  and  Scaling 


In  addition  to  the  gaseous  components  of  the  combustion  products  of  fuel  oil,  men¬ 
tioned  above,  other  factors  such  as  temperature,  time  of  exposure,  gas  velocity,  and 
composition  of  the  metal  will  affect  the  extent  of  oxidation  and  the  properties  of  the  oxide 
or  sulfida  film.  Many  investigations  have  been  conducted  to  obtain  empirical  data  on  the 
effect  of  single  gases,  and  some  gas  mixtures,  on  the  oxidation  of  carbon  and  alloy 
steels. 

In  some  early  work,  Marsoa  and  CobbC^^S)  showed  that  one  of  the  requirements  for 
heating  without  scaling  is  the  absence  of  oxygen.  However,  the  combustion  products  of 
completely  burned  fuel  also  contain  CO2,  HzO,  and  N2.  Nitrogen  is  neutrt.l  to  mild 
steel,  but  CO2  and  H/O  are  capable  of  oxidizing  steel.  Angus  and  Cobb(^)  discussed  the 
reaction 

H2  +  CO2  ;r~  '•H^n  +  co, 

which  proceeds  vigorously  above  1100  F.  They  also  considered  the  possibilities  of  elim¬ 
inating  oxidation  caused  by  CO2  or  H2O  by  the  addition  of  CO  or  H2,  respectively.  From 
a  practical  standpoint,  the  amounts  of  H2  or  CO  that  would  be  required  to  reduce  scaling 
to  a  negligible  value  would  be  so  large  that  much  of  the  combustible  portion  of  the  fuel 
would  remain  unburned. 

Prcece,  et  al.  i’59)  reviewed  the  previous  literature,  and  their  summary  indicates 
that,  below  about  1300  F,  scale  formation  is  rather  slow  in  CO2,  oxygen  or  steam,  and 
largely  independent  of  the  scaling  medium.  Scaling  in  SO2  be'-omes  very  rapid  above 
1500  F,  and  this  is  associated  with  the  formation  of  a  ferrouu  sulfide -ferrous  oxide 
eutectic  at  the  metal-oxide  Interface. 

The  report  by  Preece,  et  al.(^59)  also  included  a  summary  of  their  experimental 
work  on  the  scaling  of  steels  at  about  1800  F  in  synthetic  gas  mixtures,  based  on  a 
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"neutral"  composition  of  80%  N2  -  10%  CO2  -  10%  H2O  to  which  CO,  H2,  and  SO2  were 
added.  The  addition  of  CO  up  to  4%  had  little  effect,  whereas  scaling  rapidly  increased 
with  additions  of  O2  up  to  1%  to  the  neutral  mixture.  Additions  of  fractional  percentage 
of  SO2  led  to  a  rapid  Increase  in  scaling  in  the  neutral  or  reducing  atmospheres.  SO2 
also  increased  scaling  in  the  atmospheres  containing  O2,  becoming  less  harmful  at 
higher  O2  concentrations.  With  4%  O2  in  tlie  mixture,  even  0.  30%  SO2  had  no  further 
effect.  It  will  be  noted  that  these  tests  were  conducted  at  temperatures  somewhat  abov« 
those  generally  expected  in  boilers.  The  data  may  be  of  interest  however,  in  helping  to 
explain  reactions  that  may  occur  unexpectedly  at  hot  spots. 

Bourggraff(i7)  conducted  an  extensive  series  of  tests  in  various  gas  mixtures  ove 
a  wide  range  of  temperature.  He  found  that  scale  formation  was  not  very  great  below 
1100  F.  He  classified  the  gases  into  the  following  categories. 

Oxidizing;  O2,  SO2,  and  those  fractions  of 

CO2  and  H2O  not  in  equilibrium  with 
CO  and 

Reducing;  The  fractions  of  CO  and  H2  not  in 
equilibrium  with  CO2  and  H2O 

Neutral:  N2,  and  the  mixture  of  CO,  CO2,  H2,  and 

H2O  in  equilibrium  over  the  metal  surface 
at  the  existing  temperature, 

Preece,  et  al.  {*59)  also  reported  on  some  teste  conducted  at  IZOO  F,  a  tempsratu 
of  interest  in  boilers.  At  this  relatively  low  tempKirature,  most  of  the  steels  tested 
scaled  at  about  the  same  rate  in  atmospheres  free  froin  sulfur  dioxide.  Up  to  about  0,6 
addition  of  oxygen  to  the  neutral  mixture  rapidly  increased  the  rate  of  scaling,  but  furth 
additions  had  little  effect.  The  effect  of  SO2  was  similar  to  that  observed  at  liigher  tem 
peratures,  but  with  one  important  difference,  At  the  lower  temperature,  the  oxide- 
sulfide  eutectic  was  distributed  as  small  particles  in  the  scale,  rather  than  being  preset 
at  the  ocale-metal  interface. 

The  few  references  that  have  noted  the  effect  of  gas  velocity  on  oxidation  indicate 
tli.!.;.  '.he  effect  is  minor,  proAnding  that  a  certain  minimum  value  is  exceeded.  However, 
this  minimum  is  different  for  each  gas  component,  and  It  is  difficult  to  apply  to  a  flue¬ 
gas  mixture  the  reported  results  for  individual  gases. 


CORROSION  BY  OIL  ASH 


Nature  o*'  the  Attack 


The  corrosion  of  metals  at  high  temperature  that  is  attributed  to  residual  oil  ash  I 
particularly  severe  and  proceeds  at  such  a  rapid  rate  that  it  has  been  termed  "acceler¬ 
ated"  or  "catastrophic"  oxidation.  The  scale  is  bulky  and  not  protective,  sometimes 
showing  evidence  of  exfoliation.  The  oxidation  proceeds  at  a  rate  even  faster  than  that 
inH;cated  by  the  linear  rate  law  described  under  "Kinetics  of  the  Reaction".  Under  these 
conditions,  metal  is  consumed  very  rapidly.  For  example,  Lloyd  and  Probert(118)  have 
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reported  that  the  presence  of  vanadium- containing  ash  caused  a  tenfold  Increase  in  metal 
loss. 


Temperature  Limits 


The  lower  temperature  limit  for  the  onset  of  high-temperature  corrosion  is  not 
definitely  established.  The  early  investigators  were  concerned  with  the  severe  attack  of 
metals  in  gas  turbines  and  of  superheater  tubes  amd  supports  in  boilers  producing  1050- 
1100  F  steam.  Therefore,  metal-surface  temperatures  above  about  1200  F  were  con¬ 
sidered  necessary  for  tills  type  of  corrosion  to  occur.  For  example,  in  1949,  Schlapfer, 
Amgwerd,  and  Preisildl)  studied  the  corrosion  of  heat-resisting  steel  by  vanadium- 
containing  oil  ashes  in  the  1200-1380  F  temperature  range.  One  of  their  conclusions  was 
that  rate  of  scaling  was  markedly  accelerated  when  the  test  temperature  was  above  the 
melting  point  of  the  ash.  Many  subsequent  workers  have  confirmed  that  ash  mixtures  in 
tha  molten  state  promoted  this  type  of  attack,  but  the  reported  melting  points  of  possible 
ash  constituents  indicates  that  accelerated  corrosion  could  occur  even  below  900  F. 

Schlapfer  made  some  general  observations  that  have  been  confirmed  by  later 
workers  in  more  refined  experiments.  Intensity  of  corrosion  was  said  to  increase  with 
time  and  temperature  of  exposure  and  with  the  quantity  of  the  ash.  An  estimate  of  these 
faxtors,  especially  the  metal  temperature,  in  specific  applications,  should  give  some 
idea  of  whether  oil-nsh  corrosion  would  become  a  serious  problem.  For  example, 
Edwards(51),  in  a  review  concerned  mainly  with  naval  steam-raising  installations,  con¬ 
cluded  that  within  the  scope  of  the  boiler  systems  surveyed,  corrosion  was  at  present  a 
lesser  problem  than  deposits.  Similarly,  McCllmont{127)  felt  that  there  has  been  a  ten¬ 
dency  to  place  too  much  emphasis  on  the  vanadium-corrosion  problem  in  merchant  ships. 
He  indicated  that  the  maximum  superheater  tube  temperatures  to  be  expected  in  such 
installations  would  not  exceed  950  F,  and  therefore  corrosion  would  be  a  problem  only  on 
uncooled  superheater  supports.  Whitlingham(212)  also  reported  that  corrosion  of  super¬ 
heater  tubes  is  not  a  problem  in  present  steam  power  plants  because  operating  tempera¬ 
tures  are  below  the  softening  point  of  ash  deposits.  In  many  of  these  cases,  however, 
uncooled  parts  or  assemblies  (such  as  brackets,  hangers,  or  supports)  will  still  be  sus¬ 
ceptible  to  attack  because  they  attain  temperatures  above  the  ash's  melting  point. 


Mechanisms  of  Attack 


Harmful  Ash  Comp n s ition s 

It  was  established  quite  early  that  the  presence  of  molten  compounds  on  the  metal 
surface  was  necessary  to  promote  accelerated  oxidation,  but  the  mechanism  of  attack 
was  not  clear.  By  analysis  of  ash  deposits  anf'  the  residual  oil,  it  wae  soon  determined 
that  the  principal  elements  causing  carustrophic  oxidation  were  vanadium,  sodium,  and 
sulfur.  The  manner  m  which  these  elements  were  combined  was  not  known,  and  many  of 
the  empirical  studies  were  made  with  simplified  synthetic  mixtures  of  V2O5  and 

Na2S04.  Results  of  corrosion  tests  began  to  point  to  a  mixture  containing  approximately 
12%  Na2SO-i  and  8H%  V2O5  as  being  the  most  corrosive.  The  relationship  between  the 
character  of  the  mixtures  and  the  mechanism  of  corrosion  and  deposit  formation  was  only 
partly  clarified  by  these  investigations. 
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More-advanced  studies  were  undertaken,  involving  the  establishment  of  phase  and 
equilibrium  diagrams  for  pertinent  systems.  Foster,  Leipold,  and  Shevlin(^2)  suggested 
that  tlie  ash  be  considered  in  terms  of  the  ternary  system  Na20-S03-V205.  Through  the 
use  of  compatibility  diagrams,  they  were  able  to  indicate  the  compounds  that  should  be 
formed  from  varying  proportions  of  Na2S04  and  V2O5.  The  phases  that  they  proposed  as 
possible  corrosive  agents  were  Na2S04,  V2O5,  SO3,  NaV03>  Na2O*3V205,  and 
Na20‘ V204‘ 5V2O5.  Oxygen  may  also  contribute  to  the  attack  by  these  corrosive  agents. 
Oxygen  may  come  from  the  equilibrium  mixture  of  SO3-SO2-O2  at  the  temperature  under 
consideration,  or  from  the  reaction 

Na20-6V205  Na20*  V204- 5V2O5  +  1/2  O2. 

Hale  and  Starnesr^S),  by  studies  of  the  physical  properties  of  the  ash,  arrived  at 
the  same  conclusion,  that  Na20' V204*  5V2O5  was  one  compound  that  could  be  responsible 
for  corrosion,  Niles  and  Sandersfl^S)  conducted  experiments  that  verified  the  formation 
of  the  three  sodium-vanadium  complexes  suggested  by  Foster  when  the  corresponding 
molar  ratios  of  Na2S04  and  V2O5  were  reacted.  They  also  showed  that  nonstoichiometric 
proportions  of  the  reactants  resulted  in  mixtures  of  NaV03  and  Na20*  3V2O5  being  formed 
when  the  ratio  of  V2O5  to  Na2S04  was  greater  than  1  but  loss  than  3,  and  of  Na20"  3V2O5 
plus  Na20‘  DV2O5  when  the  ratio  was  greater  than  3  but  less  than  6.  This  approach  to  the 
problem  has  led  to  a  clarification  of  the  chemical  reactions  occurring  between  certain 
ash  constituents  at  elevated  temperatures.  The  correlation  between  this  information  and 
corrosion  will  be  discussed  in  A  following  section. 


Oil-Ash  Phase  Diagrams 

Other  workers  have  extended  the  study  of  phase  diagrams  to  include  compounds 
that  conceivably  would  be  formed  from  corrosion  of  alloys  by  the  ash.  Also,  the  tech¬ 
nique  has  been  used  to  study  the  phases  formed  in  mixtures  of  ash  components  and  inor¬ 
ganic  compounds  that  are  possible  additives  to  inhibit  the  high- temperature  corrosion,  or 
modify  the  character  of  the  deposits.* 

Cirilli,  et  al.  (27 ,28, 35,  36)  have  tried  to  correlate  phase  diagrams  and  corrosive 
att.ack  of  V'205  with  components  of  stainless  steels  and  with  minor  additions  of  alloying 
metals,  such  as  aluminum,  silicon,  manganese,  molybdenum,  beryllium,  zirconium,  and 
copper.  The  variety  of  vanadates  formed  are  discussed  with  some  comments  about  the 
relation  to  corrosion.  Manganese,  molybdenum,  and  copper  are  not  suitable  additions 
because  they  tend  to  lorm  complex  low-melting  or  volatile  vanadates.  Beryllium  and  zir¬ 
conium  have  favorable  corrosion  effects,  but  any  vanadates  that  are  formed  decompose  to 
the  oxide.  Aluminum  forms  an  orthovanadate  melting  at  1280  F  and  has  no  favorable 
effect.  Silicon  did  not  form  compounds  with  V2O5.  The  authors  concluded  that  knowledge 
of  phase  diagrams  of  V2O5  and  metallic  oxides  can  aid  in  the  selection  of  more  resistant 
materials  by  a  consideration  of  their  ability  to  develop  Stable  protective  films  on  their 
surface  and  also  to  form  vanadates  with  high  melting  points.  These  are  rather  ge.  eral 
statements  that  have  been  substantiated  only  by  limited  expcrl-nenlal  results. 

Tl<'  research  by  John8on(94)  provided  information  on  the  eutectic  composition  and 
temperature  for  a  laj  go  number  of  binary  and  ternary  systems  composed  of  NV3  +■  MO, 
or  NV(,  +  MO  andNV3  +  MO  +  Fe203  or  NV(,  t  MO  +  Fe203.  These  compouiid  designa¬ 
tions  have  appeared  in  several  publications  and  are  abbreviations  for  the  vanadium  com¬ 
plexes  as  follows; 

•Sec  Chaptc'  I  fot  a  dUciisilon  of  addltlvci. 
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N  =  Na^O 
V  =V205 
MO  =  metal  oxide. 

It  is  interesting  to  note  that  all  of  the  mixtures  investigated  had  a  eutectic  melting  below 
about  1170  F,  ranging  from  960  to  1166  F.  The  conclusions  drawn  from  these  studies  by 
Johnson  are: 

(1)  The  oxides  of  iron  and  magnesium  form  definite  compounds  with  NV3 
and  NV^  and  may  therefore  have  definite  value  as  additives. 

(E)  The  oxides  of  silicon  and  chromium  do  not  form  compounds  with  NV3 
and  but  form  only  mechanical  mixtures  and  are  believed  to  have 
no  possible  use  as  additives. 

(3)  Results  with  aluminum  and  calcium  left  uncertainties.  Mixtures  con¬ 
taining  CaO  bonded  to  anything  they  touched.  AI2O3  showed  evidence 
of  forming  a  high-temperature  compound  with  NV3,  which  is  unstable 
at  lower  temperatures. 

Equilibrium  diagrams  were  also  used  by  Brubaker,  Foster,  and  Shevlint^E)  to 
determine  possible  corrosion  pioducts  which  would  be  found  in  equilibrium  with  vanadium 
ash  components.  These  results  are  8ho%vn  as  equilibrium  diagrams  of  the  systems 
Na20-Fe203-V205,  Na20-Cr203-V205,  and  Na20-NiO-V205.  The  effects  S02‘-S03-air 
mixtures  on  the  corrosion  process  were  also  studied. 

The  identification  of  deposits  taken  from  oil-fired  naval  boilers  given  in  the  recent 
report  by  Pollard(153)  jg  of  interest.  On  screen  tubes,  a  chalky  white,  water-soluble 
coating,  sometimes  hidden  by  carbon,  was  found.  This  is  either  sodium  sulfate  or  a 
mixture  of  sodium  sulfate  with  sodium  vanadate.  Purple-black  layers  on  screen  tubes 
and  superheater  tubes  are  invariably  Na20*  V204' 5V2O5,  sometimes  mixed  with 
Na20'  2V2O5  or  sodium  sulfate.  These  layers  are  difficult  to  remove  because  they  are 
only  slightly  water-soluble.  They  also  are  excellent  solvents,  when  molten,  for  mate¬ 
rials  of  construction  of  boilers. 

Gencrating-tube  deposits  are  similar  to  superheater  deposits  but  show  fewer  signs 
of  high-temperaturc  effects.  Next  to  the  metal  surface,  however,  there  usually  is  a 
small  amount  of  white  ferrous  sulfate  present  which  turns  yellow  on  being  exposed  to  air. 
Massive  deposits  on  top  of  water  drums  are  composed  of  a  water-soluble  portion  that  is 
usually  high  in  sodium  and  iron  sulfates,  and  the  purple-black  layer  near  the  tubes  is 
mostly  Na20‘ V204' 5V2O5.  This  classification  verifies  the  presence  of  the  compounds, 
associated  with  corrosion,  in  boilers. 

Other  chemical  compounds,  isolated  and  identified  fron.  deposits  tak~n  from  vari¬ 
ous  locations  in  boilers,  reported  by  Pollard(153) ^  were: 

(1)  f  •'Na20’ V  204"  5V2O5  (approximately) 

(2)  7-Na20-2V203 

(3)  Na2S04 
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(4)  CaS04 

(5)  Fe304 

(6)  CaC03 

(7)  Fe2(S04)3,  carbon,  sulfuric  acid,  and  a-Si02. 

The  phase  diagrams  from  Illarionov(90)  ^  shown  in  Figure  33  and  34,  were  used  in  the 
study  of  the  oil-ash  deposits.  Pollard  emphasized  the  need  for  more  information  about  a 
knowledge  of  compounds  formed  between  vanadium  compounds  found  in  oil  ash  and  oxides 
of  potential  additives.  Relatively  little  work  has  been  reported  so  far  on  this  subject.  In 
the  appendix  to  his  report,  Pollard  has  given  a  compilation  of  sources  of  data  for  a  num¬ 
ber  of  vanadium  oxide-metal  oxide  systems.  Part  2  of  the  report  contains  X-ray  powder 
diffraction  pattern  data  for  crystalline  components  of  oil  ash.  This  investigation  is  con¬ 
tinuing  and  should  provide  additional  valuable  information  pertinent  to  the  problem. 


The  Role  of  Oxygen 

Cunningham  and  BrasunasH^)  reviewed  previous  investigations  ?nd  theories  that 
have  been  proposed  to  explain  accelerated  corrosion.  The  explanation  that  the  molten 
material  at  the  metal-ozide  interface  destroys  the  protective  layer  by  a  fluxing  action 
did  not  appear  adequate,  and  Cunningham  conducted  the  necessary  experiments  to  pre¬ 
pare  a  thermal-arrest  diagram  for  the  Na2S04’V20tj  system.  He  noted  the  oxygen 
absorption  and  evolution  ascribed  to  the  reversible  reaction: 

m  Na^O-nVjOj  - -  omNa^O-  (n-p)V205' PV2O4+I /2O2 

Oxygen  evolution  has  been  known  to  cause  the  "spitting"  which  occurs  when  molten 
vanadates  solidify  and  are  converted  to  the  vanadyl  vanadate.  However,  the  cxygen- 
absorption  reaction  was  also  thought  to  have  some  bearing  on  the  corrosion  problem,  and 
some  experiments  were  conducted  to  investigate  this  point.  Temperature-pressure 
determinations  were  made  in  closed  systems  containing  oxygen  and  mixtures  of  either 
Na20  and  V2O5  or  Na2S04  and  V2O5.  Typical  pressure-temperature  curves  are  shown 
in  Figure  35.  The  significant  features  shown  by  the  curves  is  the  decrease  in  pressure 
(Curve  C)  caused  hy  absorption  of  oxygen  into  the  melt,  above  the  melting  point  of  the 
mixture  Na20+V205.  Curve  D,  for  the  Na2S04+V205,  shows  an  initial  pressure  drop, 
just  as  in  Curve  C,  followed  by  a  reversal  and  a  pressure  increase  which  was  attributed 
to  evolution  of  sulfur  trioxidc  from  a  reaction  of  the  type 

Na2S04  +  V2O5  - ►2NaV034S03. 

It  was  observed  that  the  most  severe  corrosion  reported  by  other  inves^tigators  occurred 
within  the  composition  range  showing  maximum  abiorption  of  oxygen.  T’  .a  trnears  to  be 
good  evidence  for  suageeting  that  oxygen,  continually  being  absorbed  from  the  surround¬ 
ings,  passes  through  the  molten  film  and  sustains  the  rapid  oxidation  of  the  metal  under¬ 
neath.  "  he  oxide  formed  in  the  presence  of  these  contaminants  is  very  porous  and  does 
not  interfere  with  the  passage  of  oxygen  through  it.  Research  by  Johnson(951  supported 
the  conclusion  by  Cunningham  and  Brasunas,  that  the  molten  layer  appears  to  art  as  an 
oxygen  carrier  and  destroyer  of  protective  films.  Johnson  heated  and  cooled  a  l-to-6 
mole  ratio  of  Na20-V205  between  room  temperature  and  1525  F  for  a  number  of  cycles. 
The  initial  melting  released  7,  9  cc  of  oxygen  per  gram  of  original  salt  mixture.  On 
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FIGURE  33.  PHASE  DIAGRAM  FOR  THE  SYSTEM  NaV03  -  V2O5(90) 


«-44ll7 

FIGURE  3-1,  PHASE  DIAGRAM  FOR  THE  SYSTEM  Na,S04  - 

Obtained  from  heating  curves.  Syatems  not  at 
equilibrium. 
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FIGURE  35.  TYPICAL  PRESSURE- 
TEMPERATURE  CURVES  FOR 
VARIOUS  MIXTURES  COMPARED 
WITH  THE  CURVE  FOR  A  BLANKC^S) 


cooling  below  the  freering  point  (1193  F)  an  additional  1.  3  cc  of  gaa  per  gram  of  aalt 
mixture  waa  released.  This  quantity  was  subsequently  reabaorbed  and  releaaed  each 
time  the  mixture  was  heated  beyond  the  melting  point  and  cooled  to  the  aolidification 
point.  Tests  run  in  air,  oxygen,  argon,  and  nitrogen  shewed  that  oxygen  was  the  only 
gas  that  would  be  reabaorbed.  Corrosion  experiments  were  designed  to  compare  the  be¬ 
havior  of  Type  302  sfainleas  steel  specimens  under  a  1-inch  layer  of  molten  salt,  in  the 
presence  or  abamce  of  an  oxygen  atmosphere.  The  tect  specimen  heated  in  salt  in  the 
absence  of  oxygen  lost  1  to  2%  in  weight,  while  those  heated  in  salt  in  the  presence  of 
oxygen  lost  65%  in  weight.  Any  oxygen  that  reached  the  metal  au.  face  had  to  pass 
through  1  inch  of  molten  salt. 

Phillips  and  Wagoner(150)  verified  Cunningham  and  Brasunas'  obaervattoii  of  the 
release  of  oxygen  during  solidification.  Wher  the  melt  was  observed  under  the  Leit» 
healing  mi'TOscope,  gas  bubbles  were  obscrvco  escaping  during  solidification.  The  t-;m- 
perature  difference  between  melting  and  Ireesing  was  also  lov.td  to  be  related  to  lha 
oxygen-absorption  capacity  of  the  compeund,  at  sho'wn  in  Figure  36.  The  greatest 
oxygen-abf orption  cajacity,  most  severe  cot.oslon,  and  greatest  difference  between 
melting  and  freesing  temperature  all  occur  at  approximately  the  same  ash  mixture,  that 
is,  at  the  Nj-^O"  V^O^*  composition.  It  would  bo  helpful  to  be  able  to  predict  the 

type  of  deposit  to  expect  from  a  given  fuel.  While  Niles  and  Sanders(15fl)  have  proposed 
that  this  can  be  done,  the  experiments  of  Phillips  indicate  that  it  is  not  always  possible. 
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FIGURE  36.  CORRELATION  OF  TEMPERATURE  DIFFERENCE  (MELTING-FREEZING) 
AND  OXYGEN  ABSORPTION  WITH  ASH  COMPOSITION  (1 50) 

Figure  37  shows  that  the  Na/V  ratio  of  the  deposit  can  be  up  to  louw  times  that  in  the  fuel. 
Gas  temperature  at  the  point  of  deposition  appears  to  have  something  to  do  with  this 
effect.  Gas  temperature  has  been  shown  to  have  an  appreciable  effect  on  corrosion  at 
constant  metal  temperature.  This  is  illustrated  in  Figure  38. 

The  Role  of  Sulfur  Trioxide 

The  possible  effect  of  SO3  in  the  corrosion  mechanism  was  mentioned  by  FosterC^Z). 
The  liberation  of  SO3  in  the  reaction  between  Na2S04  and  V2O5  may  have  an  important 
effect  on  corrosion.  A  j'rriiminary  exptrinvent  in  a  prefused  Na2S04-V205  mixture  com¬ 
pared  with  the  same  mixture  which  had  not  been  prefused  demonstrated  the  strong  corro¬ 
sive  effect  of  the  .5O3  evolved  in  the  reaction.  Any  tendency  for  SO3  to  break  down  into 
SO2  and  O2  .according  to  equilibrium  requirements  w^onUi  make  adf^itional  oxygen  avail¬ 
able  for  oxid.ation  at  the  metal  surfaces.  This  oxygen  would  probably  be  present  In  a 
nascent,  highly  reactive  form.. 

Nickel  and  Iron  Vanadates 

'J //C  majority  of  the  investigations  reviewed  deal  only  with  the  sodium,  sulfur,  and 
van.idium  components  of  the  fuel-oil  ash.  N'.les  and  Sander8(138)  poijijed  out  that  when 
apprec la ole  sr.iounts  of  other  components  are  p;c*ent,  some  of  ll'-c  other  metals  will 
read  w'ith  vanadium,  resulting  in  a  higher  Na/V  ratio  in  the  remaining  mixture,  and 
alter  the  compound  that  will  form.  An  example  was  given  in  which  the  compound 
Na20'  iV205  would  be  expected  to  form.  However,  the  nickel  and  Iron  in  the  fuel  oil 
rcacCrd  with  vanadium,  to  form  nickel  and  iron  vanadates  and  left  less  vanadium  to  com¬ 
bine  with  the  sodium. 
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FIGURE  37.  CHANGE  OF  —  RATIO  FROM  FUEL  TO  DEPOSIT  AT  SEVERAL 

V 

GAS  TEMPERATORES(150) 


Specimons  at  1200  F. 


FIGURE  38.  EFFECT  ON  CORROSION  OF  GAS  TEMPERATURE 
AT  CONSTANT  METAL  TEMPERATURE(  •  50) 

0»;e -hand red -hour  tetti  on  jUtnlee*  atecl  typea  304, 
316  and  32 i;  oil  contained  150  ppm  vanadium,  70  ppm 
sodium,  2.  5f«  sulfur. 
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Resistance  of  Metals  to  Ash  Attack 


From  a  practical  standpoint,  a  primary  interest  cf  users  of  residual  fuels  was  to 
find  materials  of  construction  that  would  withstand  the  corrosive  environment.  There¬ 
fore,  in  many  of  the  early  investigations,  the  objective  was  to  evaluate  the  high- 
temperature  corrosion  resistance  of  a  variety  of  heat-resistant  alloys,  with  the  hope  of 
either  finding  a  useful  material  or  some  promising  indication  that  would  lead  to  the 
development  of  a  more  resistant  material.  This  became  a  formidable  undertaking 
because  of  the  many  factors  that  had  to  be  taken  into  consideration.  The  quantity  of  ash, 
metal  surface  temperature,  gas  temperature,  time,  velocity  of  combustion  gases,  and 
thermal  cycling  are  among  the  variables  which  could  influence  the  corrosion  results. 

Kindn04)  indicated  that  it  is  impossible  to  reproduce  in  the  laboratory  all  of 
the  conditions  prevailing  in  practice.  The  ash-forming  constituents  can  occur  in  the 
gaseous,  liquid,  or  solid  state,  and  the  different  phases  cannot  be  determined  because 
the  chemical  and  physical  equilibria  are  changing  continually.  For  this  reason,  simple 
laboratory  tests  have  been  condemned  as  being  unrealistic:  however,  Frederick  and 
Edenf^"^),  among  others,  have  found  them  to  be  almost  indispensable  guides  to  determine 
the  course  of  more  elaborate  experiments. 

One  simple  test  that  has  been  used  consists  merely  of  placing  a  small  quantity  of 
ash,  or  ash  component,  on  an  alloy  specimen  and  heating  in  air.  In  another  procedure, 
apcciniens  are  wholly  or  partially  immersed  in  ash  mixtures  contained  in  a  crucible  and 
heated  to  various  temperatures  for  selected  periods  of  time. 

Schlapfer,  Amgwerd,  and  Preis{181);  Evan8{53):  Buckland,  Gardiner,  and 
3ander3(25);  and  Skinner  and  Ko3ilik(189)  were  among  the  early  investigators  who  used 
these  tests  in  exploratory  work  for  screening  of  alloys  and  observing  the  effect  of  some 
variables.  Their  results  cannot  be  compared  quantitatively  because  of  other  differences 
in  test  procedures,  and  some  contradictory  results  were  noted.  Some  of  their  general 
conclusions  are  in  agreement,  however,  and  have  been  verified  by  later  work.  For 
example,  Skinner  and  KoslikdS^)  reported  that  nickcl-basc  alloys  were  resistant  to 
vanadium  pentoxide  but  were  severely  corroded  in  ash  mixtures  containing  large  percent¬ 
ages  of  sodium  sulfate.  -Similarly,  molybdenum-containing  alloys  were  severely  attacked 
in  vanadium  environment-^  at  high  temperature.  On  the  other  hand,  the  chromium-lrtm 
alloys  containing  about  26%  chromium  (such  as  AISI  446)  performed  better  than  other 
alloy. s  under  a  variety  of  conditions.  These  comparisons  are  relative,  and  both  Evans{53) 
and  Buckia.nd  et  al.  (-^)  concluded  that  no  alloy  or  class  of  materials  which  had  been 
tested  up  to  the  time  of  their  experiments  could  be  considered  to  have  a  satisfactory 
service  life  for  boilers  and  gas  turbines  burning  residual  fuels. 

Nevertheless,  the  search  for  a  useful  material  has  continued,  and  a  number  of 
additional  papers  have  appeared  describing  the  results  of  new  work.  Many  of  these 
merely  corroborated  earlier  results  and  provided  corrosion  data  on  additional  alloys 
expe  sed  to  vanadium-c onlaining  fuel  ashes. 

Oiivcf  and  *la  r"i  8^  1  n ,  and  Harris,  Child,  and  Kerrf84)  used  a  testing  procedure 
which  involved  applying  vanadium  pentoxide  on  metal  surfaces  by  painting  them  with  a 
suspension  of  V2O5  in  benrene  and  drying.  This  was  followed  by  exposure  to  preheated 
air  for  24  or  70  hours.  Corrosion  was  evaluated  by  weight  loss  after  descaling.  Four 
and  sixteen  70-hour  cycles  were  used.  A  variety  of  gas-furblne  alloys  were  tested,  and 
it  wa.i  shown  that  a  rapid  increase  in  the  rate  of  oxidation  occurred  at  about  1400  F.  The 
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general  effects  of  contamination  i^ith  V2O5  was  to  lower  markedly  the  useful  service 
temperature  of  the  alloys.  Some  alloys  were  comparatively  better  than  others.  G39  {a 
65Ni-20Cr  alloy  containing  tungsten,  molybdenum,  niobium,  and  tantalum)  proved  to  be 
the  most  resistant  in  this  teat,  being  corroded  a  rate  of  slightly  less  than  10  mg/sq 
cm/24  hr  at  1750  F. 

Fitser  and  Schwab{56)  used  a  testing  procedure  in  which  specimens  were  scaled  at 
about  1700  F  for  15-minute  periods  m  a  stream  of  oxygen,  followed  by  brief  immersions 
in  molten  V2O5  at  1650  F.  This  cyclic  treatment  could  be  continued  as  long  as  desired. 
The  use  of  pure  oxygen  and  100%  V2O5  was  not  thought  to  affect  the  mechanism  of  the 
corrosive  reaction  other  than  to  accelerate  it  greatly.  The  beneficial  effect  of  silicon  as 
an  alloying  component  was  shown  by  this  procedure  in  an  experiment  which  extended  over 
a  relatively  short  period  of  2-1/2  hours.  Silicon  was  present  in  all  of  the  best  alloys. 
The  most  resistant  material  was  Sicromal  12,  a  23%  chromi\im  steel  containing  aluminun 
and  about  3%  silicon.  Fitzer  and  Schwab  attributed  this  to  the  good  resistance  of  Si02  to 
attack  by  molten  V2O5.  In  contrast,  the  chromium- containing  scale  layers  formed  on  the 
austenitic  chromium  steels  are  said  to  be  destroyed  by  V2O5. 

Betteridge,  Sachs,  and  Lewi8(9)  were  concerned  w-ith  the  effect  of  ash  attack  on  the 
high-tenipcrature  mechanical  properties  of  materials  of  construction.  Stress-rupture 
test  bars  were  f>ainted  with  water  pastes  of  mixtures  of  V2O5  and  Na^SO^  and  then  tested 
at  about  1400  F.  It  was  found  that  contamination  with  the  mixtures  shortened  the  lifetime 
under  stress  of  all  materials.  The  decrease  in  stress-rupture  lifetime  of  iron-base 
alloys  was  caused  by  a  reduction  in  the  cross  section  of  the  test  bar  by  uniform  and 
progressive  scaling.  In  nickel-base  alloys,  intergranular  penetration  led  to  scattered 
stress-rupture  results.  These  observations  indicate  that  the  effective  metai  thickness 
determines  the  strength  of  the  construction  materials  and  that  subsurface  attack  (which  ii 
not  so  readily  detected)  may  result  in  serious  weakening  of  the  structural  parts. 

The  corrosion  beliavior  of  selected  heat-resistant  alloys  suspended  in  an  operating 
steam  boiler  was  described  by  McDowell,  Raudebaugh,  and  Somere(^28)_  The  investiga¬ 
tion  was  conducted  at  the  Marion  Generating  Station  of  the  Public  Service  Gas  and  Elec¬ 
tric  Company.  Teat  racks  were  suspended  from  the  high-temperature  superheater  tubes 
and  presumably  attained  the  gas  temperature  at  that  location.  This  varied  from  1050  to 
!560  F,  depending  on  the  boil-’r  load.  The  boiler  was  fired  with  Bunker  C  fuel  oil. 
Exposure  periods  of  three  test  racks  varied  from  about  500  to  700  hours.  The  alloys 
were  rated  comp.a rati vely  from  be"t  10  worst,  and  Type  406  (i2Cr-i.41  iron-base  aUoy) 
showed  She  least  corrosion  penetration,  a  fairly  uniform  metal  loss  of  about  0.  1  inch  per 
year.  It  v-as  thought  that  AI2O3  formed  from  the  aluminum  in  this  alloy  provdded  some 
protective  effect.  Corrosion  of  Inconel  was  also  at  a  rate  of  about  0.  I  inch  per  year; 
but.  tn  this  case,  sulfidation  and  intergranular  oxide  penetraUon  was  observed.  AISI  446 
Incoloy.  .and  AISI  were  next  best  in  that  order.  For  comparison,  AISI  302  corroded 
at  a  r*ie  of  about  0.4  inch  per  year.  The  authors  concluded  that  none  of  the  alloys 
thovved  outstanding  oxidation  resistance,  and  many  of  the  alloys  certainly  would  be 
unsaf :sf.hctory  for  application  in  the  high-temperature  superheater  sections  o.'loilers. 

A  more  recent  by  McDowell  and  MihaHsin^^29)  reported  on  some  laboratory 

I  ru-.  ihle  comijaring  the  resistance  of  6OCr-40Ni  cast  alloy  with  several  other 

aiioys.  A;  both  lluO  and  1700  F.  in  a  mi-tture  of  15%  Na2S04  and  85%  V205,  the  60Cr- 
40N!  .Hoy  uhow*  considerably  less  weight  loss  than  the  other  alloys  in  100-hour  tests. 
Inconel  "X”  m  an  exception  that  .ippears  'o  be  somewhat  more  resistant  tha  the  60Cr- 
40Ni  alloy,  iiowever,  the  authore  point  out  that  Inconel  "X"  is  susceptible  10  sulfidation 
attack,  and  there  is  no  evidence  that  the  60Cr-40Ni  alloy  is  similarly  susceptible.  A 
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recent  note(^®^)  reports  that  trial  castings  of  this  alloy,  exposed  for  7000  hours  in  an  air¬ 
craft  carrier  where  Bunker  C  oil  was  burned,  showed  very  little  attack.  Also,  bracelet 
hangers  made  from  the  new  alloy  show  no  sign  of  corrosion  after  6450  hours  of  exposure 
at  a  power-plant  installation. 

A  comprehensive  report  was  published  recently  by  Greenert(^2)  describing  work 
conducted  for  the  U.  S.  Navy.  A  large  number  of  alloys  and  coatings  were  evaluated  for 
resistance  to  three  different  laboratory  slags.  The  slaga  were  selected  to  simulate  the 
type  of  corrosion  observed  in  service,  as  a  result  of  burning  fuel  oils  of  varying  compo¬ 
sition.  The  test  specimens  were  precontaminated  by  immersion  in  the  slag  at  1600  F  for 
2  hours.  They  were  then  exposed  to  an  oxygen  environment  in  a  gantight  combustion 
furnace.  The  amount  of  oxygen  consumed  by  tlie  oxidation  reaction  al  various  tempera¬ 
tures  and  time  periods  was  a  measure  of  the  extent  of  corrosion.  The  results  were  tabu¬ 
lated  in  several  ways,  so  that  the  behavior  of  specific  materials,  or  classes  of  materials, 
could  be  compared.  One  such  tabulation  is  shown  in  Table  17.  Greenert  summarized  his 
results,  with  the  comments  that  the  high- chromium  nickel  alloys,  and  the  aiioys  in  the 
Cr-Al-Fe  series,  consistently  exhibited  the  best  resistance  to  both  vanadium  and  non¬ 
vanadium  slags.  He  indicated  that,  from  a  corrosion  standpoint,  these  alloys  should 
show  satisf^rtory  performance.  However,  their  use  might  be  limited  by  poor  engineering 
nd  physical  properties.  The  Cr-Al-Fe  series  is  also  discussed  in  a  report  by 
.‘^i  jwley{l92).  Ductility  of  the  alloys  has  been  improved  by  vacuum  melKng  and  protection 
by  argon  during  pouri.-.g. 


Protective  Coatings 


Relatively  little  information  was  found  on  the  application  and  value  of  protective 
coatings  <\gainst  fuel-oil  .ish.  Evansf^l)  tested  a  number  of  coatings  on  carbon  and  stain¬ 
less  steel  specimens  by  partial  immersion  for  168  hours  in  a  high-vanaoium  oil  ash  at 
1  350  F.  Silicon  impregn.Uion  by  a  proprietary  process  provided  the  most  protection  for 
carbon  steel,  limiting  the  ■■>xid.tHon  weight  gain  to  that  obtained  by  heating  the  steel  In  air. 
It  was  reported  th.al  the  coating  would  not  adhere  to  heat-resisting  steels.  Chromizing  of 
carbon  steel  and  AlSl  4  30  \\.\s  the  next  cnost  promising  treatment.  Other  coatings  such 
as  aluminir.ing,  calurising,  and  galvanizing  were  partially  protective.  Srawleyl^ 93) 
tested  aluminized  AISI  310  steel  by  contaminating  the  surface  with  a  mixture  of  equal 
p.arls  of  V?05  and  ,'4.»;.504  .and  hratiny  in  a  muffle  furnace  at  1700  F.  In  this  test,  alumi¬ 
nizing  did  not  rcc'JCe  corrosion  to  any  significant  extent,  but  it  was  indicated  that  a  more 
extensive  investigation  should  be  made  before  making  final  conclusions.  F'rederick  and 
examined  the  effect  of  V2O5  plus  10%  at  1240  F  nn  nickel  and  chromium 

eiectrodeposils.  Nickel  offered  iitt’e  resistance  to  attac*'.  It  started  to  disintegrate 
after  200  hours  of  exposure.  On  the  other  hand,  the  <  hromium  electredepjosit  was  fcxind 
to  be  r  'stant  in  itself,  but  it  failed  by  tracking  because  of  the  difference  in  thermal 
expansion  betivcen  the  cuatii'.g  and  the  basis  metal. 

Lewis,  in  disccst-'ing  Frederick  and  Eden's  rescUsf*-'^',  -.eported  that  a  *••!<!»  range 
ft  coi'ting  materials  had  been  tested  at  the  Thornton  Rctear«'h  Center  in  England.  In 
thr;r  -x:>,  r.-mcistt  also,  the  coatings  disinieg. -tsd  eiC'cr  as  a  re&uli  of  oxidation  through 
pore*  in  the  coatings  or  as  a  re#«U  of  diffesenlial  expansion  betw-ecn  the  ceasing  and  the 
basis  metal.  Lewi*  thought  that  chromized  layers  would  diffuse  inw.ards  upon  prolons?ed 
exposure  so  elevated  temperature.  Therefore,  he  suggested  better  results  .might  be 
ohtaine'i  hv  =  '":r '•msing  alio  s  havi.ng  some  inherent  oxidation  resistance. 
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TABLE  n.  RaATIVE  RESISTANCE  OF  SEVERAL  AUA3Y8  AND  COATINGS  TO  COBROSIOil  BY  SLAGsC'^'*? 
Basis:  Oxygen  Coosumed  in  23  Hours  of  Test 


Grouping 

MlUilltet 
ol  Oxygen 
Consumed 

Sulfated- 
Vanadium  Slag, 

3011  Na2S04 

Nonsulfated- 
Vansxllum  SUg, 
791fcV2064 
211tNaV03 

Sulfated- 
Cblorlde  Slag, 

90^.  Na2S044’ 
loijb  NlCl 

Excellent 

0-50 

Hastelloy  D 

Durlchlot 

25  Cr-5  Al-Fe(*) 

60  Ct-40  N1 

Bery  Illumined 

Type  310  SS 

Sllchiotne 

Hastelloy  D 
Haynet-StelUte  31 

OUlltOD 

100  Cr 

30  Cr-30  Nl-40  Co 
60  Ct-40  NI 

14  Ct-14  Mn-Fe 

26  Cr-6  Al-Fe(*>) 

26  Cr-9  Al-Fe 
CD4MCU 

CI3C2  cermet 

Excellent 

60-100 

Durlrcn 

BlCr-iO  N1 

100  Cr 

Inconis.1  'X“ 

Inconel 

26  Ct-6  Al-Pet**) 
Enduro  A 

Durlchlot 

Inconel  “X" 

100  c* 

60  Cr-60  m 
BerylUumixed 

Type  310  SS 
BeryiUumited  HS-31 
BeiylUumlscd 

Inconel 

26  Ct-3  Al-Pe 
Hastelloy  D 

60  et-5om 

Type  304  SS 

Typ»  3C I  poMus 
compact 

CootJ 

100-200 

25Ci-5Al-Fe(*>) 

CrjC:^  cermet 

2SCt-9  AI-Fe 

30  Cs-30  N1-4C  Co 
Armro  625 
Heynei-Sielllte  31 

14  ct-14Mn-Fe 
(CJ.t  alluy) 

Silchfome 

Betylliumlsed 

inconel 

28  Ct-3  Al-Fe 

30  Ct'30  Nl'iO  Co 

60  Ct-40  N1 

Inconel 

Typx  Mi,  p«oi» 

cOiTtpaci 

Ci3C£  cosnai 

Hay&ea-StalUte  31 

Eslr 

200-300 

Enduro  A 

2iCt-J  A!-Fe 

Type  203  SS 

Aimco  524 

T)f<  304  SS 

CMR  234 

28  Cr-9  Al-Fe 

14  Cr- 14  Mn-ee 

GMR  23^ 

Hadfleld  steel 

Armco  534 

T/F-s  340  SS 

H-153 

BetylUumlsed  KS-31 
GMR  236 

Eoduro  A 

Cesame  tails 

Somewhst  {'Ciier  tlisn 

T  ype  310  SS 

joo-aftf. 

Armco  61? 

lUdLcld  steel 
!ri«,  ingw 

N-l« 

An'*i>'0  625 

Hfsiriroy  X 

Amu-o  819 

Airr.co  tlO 

1  t«c.("tieilol 

Type  202  SS 

Type  347  SS 

ScKTvfsfhsi  bettei  iLin 

T)-?e  3 loss 

tM-»0 

Hastelloy  X 

Oery  lllumUoJ  rtS-31 

Hadii-cid  iteel 

Type  201  SS 

Type  202  SS 

3  A 

T  T  E  L  t.  E 
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TABLE  17.  (Continued) 


Grouping 

Milliliter 
of  Oxygen 
Consumed 

Sulfeted- 
Vanidliim  SUg, 

701fc  V206  ♦ 

30;b  Na2S04 

Nontulfated- 
Vanadium  SUg, 
701fcV2O64 

21H  NaVOs 

Sulfated- 
Chlotlde  SUg, 
901tNa2SO44 
lOlt,  NaCl 

No  improvement  over 
Type  310  SS 

500-600 

Armco  619 

Type  201  SS 

Type  304  porous 
ccoipsct 

Type  201  SS 

Hutelloy  X 

1211  Cr  steel 
BerylUumized 

Type  310  SS 

N-165 

No  improvement  over 
‘Type  310  SS 

600-700 

12<!g  Cr  steel 

Ci>4MCu 

Inconel  ’X* 

Ouiltcn 

No  improvement  ovei 
Tyre  310  SS 

700-1000 

Type  347  SS 

Theimenol 

Cetametslix 

Inconel 

BetylUuiiiized 

Picbnel 

No  Improvement  over 
T)-pe  310  SS 

lOOOs 

12^  Ct  steel 

Tyne  310  S  > 

CD4MCU 

Iron,  ingot 

Type  3«7  SS 

Type  202  SS 
Cesametallx 

Nimonic  80 

Silcbitxne 

Duilc&lct  (eit) 

Armco  515 

Amtcc  610 

Armco  £24 

Armco  525 

Iron,  Ingot 

Note;  SS  ■  ttilnku  iteel 


(t)  CMt  product. 

(b)  WiougtU  product. 
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Several  coated,  heat-reaistant  casting  alloys  were  included  in  the  tests  reported  by 
McDowell(128).  The  coatings  were  of  the  ceramic  type,  consisting  of  a  mixture  of  oxides 
applied  to  the  specimens  and  fired  at  a  high  temperature.  After  exposure  of  about  700 
hours  in  the  superheater  zone  of  an  oil-fired  boiler,  the  coatings  had  chipped  and  cracked 
but  had  not  been  penetrated  completely.  Photomicrograph  revealed  a  layer  at  the  metal¬ 
coating  interface  which  appeared  to  have  resisted  corrosive  attack.  This  type  of  coating 
also  was  shown  to  be  protective  in  one  of  the  case  histories  included  in  the  NACE  Techni¬ 
cal  Committee  reportn37)^ 

Application  of  protective  coatings  by  metal  spraying  was  considered  as  a  means  of 
preventing  the  corrosion  occurring  in  mercury  boilers,  (79)  Sprayed  layers  of  26%Cr-Fe 
alloys  were  found  to  have  good  inherent  resistance  to  oil-ash  corrosion.  This  ia  in 
agreement  with  the  good  corrosion  resistance  of  AISI  446  reported  earlier.  It  was  indi¬ 
cated,  however,  that  the  value  of  such  coatings  would  depend  on  proper  treatmt..,c  of  the 
suvface  to  be  sprayed,  and  possibly  treatment  after  spraying,  to  provide  n  impervious 
coating  and  a  metallurgical  bond  at  the  metal-coating  interface. 

Thus,  it  appears  that  some  relatively  ash-resistant  materials  exist,  but  the  prob¬ 
lem  of  applying  them  to  metal  surfaces  economically  and  in  a  useful  form  has  not  been 
solved.  Further  work  on  the  development  of  protective  surface  coatings  may  be  Justified 
on  the  assumption  that  higher  concentrations  of  beneficial  elements  can  be  tolerated  in 
surface  layers,  rather  than  as  alloying  ingredients,  without  excessive  harm  to  the  physi¬ 
cal  properties  of  the  alloy. 

Foater{^l)  summarized  tlie  situation  with  regard  to  materials  and  protective  coat¬ 
ings  wiln  the  statement:  "No  single  alloy,  protective  coating,  or  ceramic  material  has 
been  found  that  by  itself  will  be  completely  immune  to  attack  by  all  residual-oil  ashes 
under  conditions  of  gas-turbine  operation".  However,  for  something  less  than  complete 
immunity,  the  comparative  results  discussed  above  show  that  some  metals  and  coatings 
are  relatively  more  ash  resistant  than  others.  Their  application  in  practice  will  depend 
on  the  service  conditions  encountered  during  operation  of  a  boiler  and  on  economic  con¬ 
siderations. 
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CHAPTER  4.  CONTROL  OF  BOILER  DEPOSTS 
AND  CQRROSON 


Methods  of  operating  the  boiler  for  the  control  of  deposits  and  corrosion  have  been 
dealt  with  in  the  previous  three  chapters.  This  chapter  deals  mainly  with  special  proce¬ 
dures  for  the  control  of  deposits  and  corrosion,  especially  by  additives. 


METHODS  OF  CONTROL  BY  ADDITIVES 


Since  the  removal  of  the  harmful  constituents  from  residual  fuel  oil  at  the  refinery 
is  not  considered  a  practical  or  economical  solution  to  the  problem  by  the  petroleum 
refiners,  investigators  have  given  their  attention  to  other  methods  of  corrosion  control. 
Considerable  study  lias  been  devoted  to  compounds  that  can  be  added  to  the  fuel  oil  or  to 
the  furnace  to  minimize  deposits  or  change  their  physical  characteristics,  and  prevent 
or  reduce  the  corrosion  of  metallic  surfaces. 


Control  of  Flue-Gas  Condensate 


There  are  several  possibilities  for  the  control  of  corrosion  by  flue-gas  condensate 
at  the  wet  end  of  the  boiler.  Additives  have  been  studied  for  the  control  of  corrosion  re¬ 
sulting  from  sulfur  compounds  in  the  flue  gas.  In  most  cases  the  objective  has  been  to 
reduce  the  amount  of  SO3  formed  or  to  deal  with  the  resultant  sulfuric  acid-bearing  con¬ 
densate.  Additions  have  been  made  directly  to  the  fuel  oil  prior  to  ignition,  tr-  the  com¬ 
bustion  air  ahead  of  the  burner,  to  the  gases  in  the  furnace  just  beyond  the  burner,  and 
at  various  points  within  the  boiler  up  to  the  air  preheater  section. 

U  is  generally  agreed  that  the  additives  for  the  control  of  corrosion  by  sulfur  com¬ 
pounds  act  by  one  or  more  of  (he  follo\.'^g  mechanisms; 

(1)  Retardation  of  SO3  formation 

(2)  Physical  absorption  of  SO3 

(3)  Neutralization  of  SO3  by  chemical  reaction 

{4)  Corrosion  inhibition  of  metal  surfaces  by  passive  films. 


Oxid.  l  -^n  Inhibilnrs  (Retardation  of  SO3  Formation) 

At  the  present  lime,  agreement  has  not  been  reached  as  to  the  mechanism  of  the 
oxidation  of  SO’  to  SO3  in  boilers.  There  is  evidence  from  several  sources  that  both  of 
the  two  major  mechanis.ms  proposed  (i.e.  ,  catalytic  action  and  gas-phase  oxidation)  arc 
effective  to  some  extent.  If  the  action  is  by  catalytic  activity  from  metal  oxides  or 
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deposits  on  surfaces,  the  inhibition  can  be  effected  by  coating  the  surfaces  with  an  inert 
material.  In  this  connection,  Harlow(83)  has  studied  the  use  of  sprays  of  aluminum  ethyl 
silicate. 

If  the  oxidation  takes  place  through  a  rapid  reaction  of  an  active  species  in  the 
flame,  the  theory  would  predict  inhibition  by  the  addition  to  the  burner  of  finely  dispersed 
solids,  since  the  solid  surface  area  would  be  increased  and  the  reaction 

2SO3  +  Solid  — ►  2SO2  +02+  Solid 

would  be  favored.  As  has  been  pointed  out  by  Whittingham(^^2),  carbon  and  nine  smokes 
are  particularly  effective  in  reducing  SO3  contents. 


Physical  Absorption  of  SO3 


Some  relatively  inert  materials  have  been  found  to  be  effective  in  reducing  the  SO3 
content  of  the  flue  gas  when  they  arc  added  in  a  finely  divided  state.  Typical  examples 
are  silica  smoke,  clays,  and  pulverized-coal  ash.  It  appears  that  their  effectiveness  is 
due  to  the  physical  absorption  of  the  SO3  by  the  particles. 


Neutralization  of  SO3  by  Chemical  Reaction 


The  use  of  additives  to  neutralize  the  SO3  has  been  given  a  broad  technical  study- 
Two  schemes  have  been  examined;  (1)  the  use  of  finely  divided  alkaline  particles  and 
(2)  the  introduction  of  gaseous  ammonia.  The  finely  divided  solids  include  magnesium 
or  calcium  compounds,  either  singly  or  as  dolomite,  zinc  smoke,  or  zinc  metal.  In 
many  cases,  the  action  is  probably  a  combination  of  absorption  combined  with  chemical 
reaction  or  neutralization. 


Ammonia.  Since  the  effectiveness  of  inhibitors  is  greatly  dependent  on  even  dis¬ 
tribution  and  intimate  contact  between  SO3  and  the  neutralising  chemical,  it  is  readily 
apparent  that  gases  afford  some  advantages  over  finely  dispersed  solids.  Ammonia  will 
combine  readily  with  SO3,  and  it  is  economically  available  as  a  gas.  It  has  been  and  is 
still  being  seriously  considered,  both  here  and  abroad,  as  a  means  of  controlling  low- 
temperature  corrohion. 

For  example,  in  1956,  Rendlc  and  Wilsdon^  conducted*,  study  with  n  variety  of 
inhibitors  and  concluded  that  ammonia  injection  was  the  most  efficient  and  economical 
method  of  towering  the  acid  dewpoint  and  reducing  corrosion.  They  injected  ammonia  at 
a  concentration  of  0.  061i  by  weight  of  the  fuel  into  the  combustion  gases  at  a  temperature 
slightly  below  600  F.  By  a  proper  choice  of  temperature  it  is  possible  to  reach  condi- 
lio.ns  where  the  ammonia  reacts  only  with  SO3  and  n'.l  wi*h  the  more  prevalent  502- 
E'.lhcr  ammonium  bisulfa.c,  NH4l{S04,  or  normal  sulfate,  (NH4i2S04,  is  formed,  de¬ 
pending  (he  concentrations  of  ammonia.  Further  tests  were  described  byRendle, 
et  al.  ,''^^)  in  1959  .r.,-otving  full-scale  trial:  in  oil-fired  boilers.  The  requite  in  sev¬ 
eral  installations  were  verv  encouraging.  Figure  39,  taken  from  their  papjr,  shows  that 
the  corrosion  was  reduced  to  a  very  low  level  by  the  addition  of  0.  05%  by  weight  of  am¬ 
monia.  The  gas  was  added  between  the  economizer  and  rotary  air  preheater. 


battclle 


u  e  M  o  a  I  *  L 


I  N  a  T  I  T  U  T  E 


Ql  ,  i.inV.  .1...  ■  I  irnil.  l.i  H.-ii.—.-.- 

0  .01  .02  .03  J04  J05  .06  .07 

NHg  Added,  %  by  weight  of  fuel 


FIGURE  39.  EFFECT  OF  AMMONIA  ON  THE  CORROSION 

OF  MILD-STEEL  ROTARY  AJR  PREHEATERSi*®^) 

^xpoturc  pevicH. »  were  for  6  hour*. 
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Another  boiler  operated  for  8  months  using  ammonia  injection  to  tubular  air  pre¬ 
heaters^  with  biweekly  air  lancing,  showed  no  evidence  of  corrosion. 

An  ammonia-injection  installation  was  also  evaluated  in  a  boiler  which  had  re¬ 
quired  tube  replacements  every  P.  years.  It  was  concluded  that  the  life  of  the  tubes  would 
be  increased  to  about  18  years  by  the  use  of  ammonia  and  water  washing,  and  to  about 
7  years  by  the  use  of  water  washing  alone. 

Other  studies  to  date  have  shown  that  ammonia  will  effectively  reduce  the  dewpoint 
but  that  additions  must  be  made  with  great  care  to  avoid  excessive  blockage  of  the  air- 
heater  channel8(2^3).  Wiederaum  and  a8eociate8(221)  recently  concluded  that  ammonia 
treatment  of  the  flue  gas  entering  the  Eddystone  pulverized-coal-fired  low-level  econo¬ 
mizers  could  not  be  justified  because  the  corrosion  was  not  significantly  reduced  and  be¬ 
cause  objectional  deposits  were  formed. 

Upmalist^O?)^  In  Scandinavia,  rejected  ammonia  because  of  the  very  adlierent  de¬ 
posits  which  formed  on  the  heat-exchanger  surfaces.  JarviB(93)^  in  1958,  described 
results  from  four  stations,  including  one  in  France.  In  most  instances,  rapid  blockage 
of  the  air  healers  was  experienced,  but  sufficient  interest  was  noted  that  tests  were 
continued. 

It  should  be  mentioned  that  the  injection  of  ammonia  into  the  flue  gas  from  a 
pulverized-coal-fired  boiler  at  420  F  virtually  eliminated  corrosion  at  metal  tempera¬ 
tures  between  150-420  F,  as  reported  by  Katot^^)  in  I960.  No  buildup  of  deposits  was 
noted  after  60  hours. 

In  laboratory  experiments,  ammonia  was  found  to  reduce  V2O5  at  1290  F  to  form 
the  high-melting  ^'2^3-  This  reaction  also  occurred  v/hen  the  ammonia  was  mixed  with 
air,  in  amounts  up  to  95%  by  volume  of  air,  and  has  been  attributed  to  the  lower  energy 
requirement  for  production  of  atomic  oxygen  from  V2O5  than  from  oxygen  in  the  air. 
Ammor'n  partially  reduces  alkaline  earth  sulfates,  particularly  if  they  are  mixed  with 
V^O^.  The  injection  of  ammonia  into  a  high-pressure  combustion  rig  resulted  in  lowered 
deposition,  with  an  .%nalysi3  about  20%  less  in  and  SO3.  Sulrer(197)  felt  that  the 

cost  of  the  materials  added  was  out  of  proportion  to  the  effect  obtained.  Injection  of 
heavy  fuel  oil  into  flue  gases  at  1290  F  in  the  combustion  rig  caused  about  the  same  re¬ 
duction  in  deposits  as  ammwia.  This  effect  was  attributed  to  the  reducing  atmosphere 
produced  by  unburned  _arbon  »nd  the  CO  surrounding  it.  Ash  constituents  concentrate 
in  the  residual  carb-.'n,  but  at  the  expense  of  combustion  efficiency. 

At  the  present  lime,  ii  is  concluded  that  ammotaia  treatment.,  may  be  most  effec¬ 
tive  when: 


(1)  The  SOj  content  in  the  flus  gts  is  relatively  low 

(2)  The  location  and  the  method  of  inieciion  can  be  carei-illy  controlled 

(}',  Periodic  water  washing  can  be  employed. 

Thus,  the  process  may  be  of  most  value  to  scavenge  the  residual  SO3  present  when  a 
boiler  IS  oj>eraling  at  the  minimum  of  excess  air. 
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Dispersed  Solids.  Extensive  studies  have  been  made  with  the  use  ol  finely  divided 
solids  to  neutralize  the  SO3  in  the  flue  gas. 

A  comparative  survey  of  many  additives  was  sponsored  by  the  Central  Electricity 
Generating  Board  when  air  heater  corrosion  problems  developed  as  boilers  were  con¬ 
verted  from  coal  to  oil  firing,  and  results  were  presented  in  1959  by  Wilkinson  and 
Clarke(223),  They  reported  that  an  addition  of  dolomite  (ZO  microns)  at  the  rate  of 
4  lb /ton  of  fuel  oil  reduced  the  corrosion  and  deposit  formation  and  caused  a  drop  in  SO3 
from  15  to  5  ppm.  They  also  found  in  another  experiment  that  a  proprietary  additive 
(MgC03,  Zn,  CuO,  C),  of  ZOO-mesh  size,  added  at  the  rate  of  Z  Ib/ton  of  fuel  oil  re¬ 
duced  the  corrosion  and  deposits  by  50%  and  lowered  the  SO3  from  40  to  18  ppm.  Mag¬ 
nesium  oxide  was  found  to  bo  unsatisfactory  because  of  the  difficulties  in  adding  it  to  the 
boiler  and  because  adherent  deposits  were  formed. 

Black  and  associates^^^)  measured  dewpoints  in  flue  gas  with  two  additives.  A 
reduction  in  dewpoint  of  10  degrees  was  observed  when  magnesium  hydroxide  was  added 
to  fuel  oil.  On  the  other  hand,  additions  of  dolomite  to  the  combustion  chamber  were 
not  effective  in  lowering  the  dewpoint. 

One  of  the  more-recent  extensive  evaluations  of  additives  for  the  control  i-f  acid 
deposition  was  conducted  in  England  in  two  boilers,  as  reported  by  Alexonder  and  assc- 
ciates  Both  stations  used  residual  fuel  oil  containing  between  Z.  9  and  4.  6%  sulfur. 
The  effectiveness  of  the  additives  was  measured  as  follows: 

{ 1)  By  analyzing  the  flue  gas  with 

(a)  Dewpoint  meters 
(■3)  Deposition  probes 
(c)  Corrosion  probes 

(Z)  By  noting  changes  i.n  boiler  operations 

(3)  By  examining  the  boiler  surfaces  foilowing  each  trial  of  Z -week  duration. 

The  additives  evaluated  were; 

(1)  Magnesium  c.irboiiitc,  200  meek 

(Z)  Proprietary  auditive,  approximately  equ.al  proportion  of  magnesium  car¬ 
bonate  and  dolomite  to  which  3%  rinc  oxide  was  added 

(3)  Metallic  *inr  ,  6  to  8  microns 

{4)  Puiverir.ed-coal  ash 

(5)  Dual  burning  of  oi!  and  pulvcriaed  coal  in  the  ratio  '-'  i.  The  dual-fit Ing 
experimsMit  uas  included  to  provide  more  informaihin  On  the  effects  of 
t’ii5  combustion  of  solid-fuel  pariicl..j  in  an  oil  flame,  combined  will,  the 
action  from  chemically  inert  iish  particles. 

The  addilivea  were  injected  into  the  combustion  chamber  by  means  e-f  compressed 
air  with  the  following  results: 


OSTTCtCC 


U  C  u  O  R  i  A  L 


I  N  S  T  I  T  U  T  € 


94 


It  wai  fo'ond  that  the  amount  of  sulfuric  acid  in  the  flue  gas  at  the  air  preheater 
inlet  and  outlet  was  greatly  r.  'uced  by  the  addition  of  magnesium  carbonate^  by  the  pro* 
pristary  additive,  and  by  the  sine  dust.  Since  the  proprietary  additive  caused  the  great* 
est  fouling  of  the  air  preheater,  and  since  sine  dust  fouled  the  burner-air  ports,  the 
magnesium  carbonate  was  considered  the  optimvim  material.  Severe  fouling,  combined 
with  deposition  of  sulfuric  acid,  resulted  from  dual  firing  and  from  injection  of 
puXverized-coal  ash. 

Following  the  study,  it  was  recommended  that; 

(1)  All  oil-fired  boilers  should  be  operated  with  the  minimum  practicable 
amount  of  excess  air. 

(2)  Further  trials  with  magnesium  carbonate  and  zinc  are  warranted. 

(3)  Improvements  on  methods  for  adding  powdered  additives  to  the  boiler 
are  needed.* 


Other  Methods  for  Control 


inhibition  of  Metal  Surfaces  by  Passive  Films.  The  steel-finishing  industry  usee 
special  film-forming  inhibitors  in  the  acid  to  control  the  attack  on  the  steel  while  re¬ 
moving  mill  scale  and  rust  by  pickling.  This  method  has  recently  been  applied  to  the 
corrosion  problem  in  air  preheaters,  in  economizers,  and  in  other  such  relatively  cool 
areas  as  the  metal  stacks. 

In  1954,  Keart^^)  reported  a  reduction  in  corrosion  rate  at  temperatures  below 
240  F  when  certain  cpal-tar  bases  were  sprayed  into  the  flue-gas  stream  at  areas  neap 
500  F.  In  1958,  Jarvis(93)^  in  large-scale  trials  in  a  boiler,  indicated  some  success 
when  using  a  commercial  coal-tar  base  sold  under  the  tradename  "Teramin".  This 
material  is  a  mixture  of  heterocyclic  tertiary  amines  which  vaporises  and  subsequently 
condenses  with  the  svdturic  acid  at  the  cooler  sones.  Two  years  later,  Davies  and 
Alexander(48)  summarieed  results  showing  how  this  additive  was  used  on  a  laboratory 
Scale  and  in  a  variety  of  large  boilers,  including  marine  installations.  They  reported  a 
reduction  in  corrosioii  by  much  as  30*?^  when  0.0311)  of  the  amine  (by  weight  of  the  fuel) 
was  added  to  the  fine  gas.  The  a.ninc  treatment  also  appears  to  facilitate  the  removal  of 
cartvon  and  deposits  from  the  metal  surfaces  when  they  are  water  waebed. 

Disadvantages  of  the  treatments,  in  addition  to  the  main  one  of  cost,  are  the  diffi¬ 
culties  la  obtaining  uniform  injer’ion  and  distribution  to  the  areas  to  be  protected.  Also 
reported  are  objectwo'iblc  odors  U  leaks  are  present  in  the  boiler  or  If  too  much  o?  the 
amine  is  exhausted  in  the  stack. 

Lrss-encouraginjr  results  for  these  materials  were  presented  by  Wilkineon  snd 
Clark,  i'’* from  trialn  at  the  Marchwood  Generating  Station  in  England.  They  agreed 
th4.t  the  inhibiting  octu‘i;-  reduced  corrosion  somewhat,  but  found  objectionable  amounts 
of  deposit*  on  much  of  the  low-icmperaturc  s»trface8. 
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It  would  appoar  that,  at  the  preaeni  lime,  the  use  of  pickling  inhibitors  to  reduce 
air  preheater  corrosion  holds  some  promise,  but  further  developments  are  required  to 
justify  widespread  adoption. 

Use  of  Insulated  Chimney  to  Prevent  Condensate  Attack.  Steel  stacks  or  chimneys 
for  boiler  exhaust  are  made  self-supporting  and  also  are  stayed  with  guy  wireti  to  allow 
lighter-weight  construction.  Wind  velocity,  height  of  the  stack,  and  the  difference  be¬ 
tween  the  flue  gas  and  ambient  temperature  all  affect  the  natural  draft.  For  larger  boil¬ 
ers,  forced  draft  is  commonly  used. 

The  introduction  of  residual  fuel  oil  for  the  firing  of  boilers  has  resulted  in  com¬ 
plaints  in  some  areas.  Acid  smuts  emitted  from  the  chimney  have  resulted  in  darr,  e  to 
property,  clothing,  and  materials  in  the  neighborhood  of  the  power  plants.  Even  w,  t\ 
good  burner  control,  smuts  are  emitted  when  condensation  takes  place  in  a  steel  6.  .ck. 
The  smuts  are  found  to  be  spongy  flakes  of  iron  sulfate  plus  carbonaceous  matter 

It  is  believed  that  acid  agglomerates  ace  formed  on  steel  in  contact  with  iue  gas. 
Condensed  sulfuric  acid  attacks  the  steel,  and  the  iron  sulfate  flakes  are  ‘''-^entrained 
in  the  gas.  Experiments  have  shown  that  maintaining  the  flue  gas  in  the  »  -ck  above  the 
acid  den  point  ivill  eliminate  the  piobletn.  Blum  and  co-authorB(  have  tried  installing 
an  aluminum  heat  shield  around  the  stack,  allowing  a  0.25-lnch  air  apace.  This  effec¬ 
tively  maintains  the  interior  metal  wall  of  the  stack  above  the  condensation  temperature 
of  the  flue  gas  during  the  firing  period  of  the  boiler.  It  practically  eliminated  the  prob¬ 
lem  of  smut  emission  under  the  conditions  of  their  experiment. 

The  boiler  used  by  Blum,  etal.  is  fired  on  a  cyclic  basis.  During  the  part  of  the 
cycle  when  the  burner  is  full  on  the  inlet  flue-gas  temperature  was  650  F  and  the  exit 
temperature  was  540  F.  During  the  off  period,  for  the  burner  the  inlet  temperature  was 
320  5  end  the  exit  temperature  was  290  F.  Since  the  original  experiment,  a  number  of 
stacks  have  been  insulated.  U  is  reported  that  the  method  i  /  widely  applicable.  In 
Britain,  for  example,  one  can  purchase  a  prefabricated  stack  with  an  aluminum  heal 
shield,  or  one  can  contract  to  have  an  existing  stack  insulated  by  aluminum- 


0’!*.\sh  Corrosion 


In  most  c.'»“cs,  tli**  cor rcctivn  ol  a  problem  in  one  section  of  the  boiler  will  affect 
the  restiainder  of  ihc  system.  A  study  of  the  entire  system  must  be  made.  For  ex- 
ampie,  Sulse rO'*')  indicated  that  fornialson  of  ash  deposits  and  corrosion  caused  by  oil 
ash  are  in  .separably  connected;  that  is,  if  the  fortnati-m  of  dcpo.;its  can  be  prevented, 
coffosioi  IS  also  obviated.  However,  tliis  view  is  not  vmar.imously  accepted,  since  other 
difficulties  have  arisen  in  some  boilers.  The  major  effort  in  the  development  of  an  oil- 
addiiive  procedure  has  been  concerned  with  (i)  raising  the  melting  point  of  the  ash  to 
eliminate  sticky  con  osive  particles  or  (2)  changing  the  characteristics  of  the  deposit  so 
that  It  could  be  easily  removed  if  it  deposited  on'o  m*!ial  eurlaces.  For  many  years, 
there  haa  be>n  a  trc  ~>crtdous  amoum  of  effort  expe  nded  on  these  two  approaches  to  the 
j,r  ■btcni. 


The  '..nvesii^Attons  reported  in  the  literature  fall  into  several  categories; 

(!)  Funda.mienia!  paper  Btudics  and  experlRienls  designed  to  provide  informa¬ 
tion  on  melting  properties  of  oil-ash  additive  r.nixtures,  and  development 
of  phase  or  equilibrium  diagrams  of  the  systems 
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(2)  Empirical  evaluations  of  proposed  additives  in  laboratory  crucible  tests, 
or  in  experimental  rigs  simulating  boiler  and  turbine  conditions 

(3)  Tests  of  additives  in  full-scale  operating  boiler  plants. 

The  use  of  additives  to  prevent  high-temperature  deposition  is  based  on  the  theory 
that  raising  the  melting  point  of  the  oil  ash  will  avoid  formation  of  sticky  adherent  par¬ 
ticles.  Consequently,  additive  materials  are  selected  to  form  compounds  with  the  oil- 
ash  components  having  melting  points  higher  than  those  of  the  untreated  oil  ash.  For 
example,  magnesium  vanadate  melts  at  1535  F,  which  is  300  to  400  F  higher  than  that  of 
the  various  sodium  vanadates  that  can  form  in  the  boiler.  In  this  report,  reference  has 
already  been  made  to  much  of  the  work  that  has  been  done  on  melting  characteristics  of 
mixtures  and  on  phase  diagrams,  (See  Chapter  3,  "Oil-Ash  Phase  Dip.grams". ) 

The  fuel-oil  additives  fall  into  two  classes,  depending  on  whether  or  not  they  are 
soluble  in  the  residual  oil.  The  insoluble  materials  are  usually  solids  which  are  either 
introduced  into  the  oil  or  blown  into  the  boiler  at  some  point.  Those  put  in  the  oil  may 
be  used  as  water  solutions  emulsified  in  the  fuel,  or  they  may  be  solids  slurried  into  the 
oil.  The  oil-soluble  materials  are  usually  in  liquid  form  to  facilitate  ease  of  mixing 
with  the  residual  fuel  oil. 


Oil-Insoluble  Additives 


Principles  Involved.  A  great  deal  of  the  experimental  work  in  the  additive  field 
has  been  done  with  solids.  Evan8(53)  ^/as  among  the  first  to  suggest  an  additive  whose 
function  would  be  to  react  chemically  with  the  harmful  ash  components,  forming  com¬ 
pounds  tnac  would  be  solid  at  the  operating  temperature  of  the  boiler  components.  Cal¬ 
cium  oxide  was  shown  to  accomplish  tliis  in  a  crucible  test  when  added  in  sufficient  con¬ 
centration  to  form  3CaO' V2O5.  Evans  pointed  out,  however,  that  a  low-melting-point 
eutectic  could  form  at  a  lower  concentration  of  CaO,  which  would  make  the  aah  more 
harmful  by  lowering,  rather  than  raising,  the  melting  point. 

Monkman  and  Grant(133)  diluted  synthetic  aeh  with  oxides  of  several  metals  and 
determined  approximate  melting  points.  They  reported  that  MgO,  CaO,  and  NiO  in¬ 
creased  the  melting  point  considerably,  whereas  AI2O3,  SiOj,  and  ZnO  had  no  effect 
whatsoever.  Lucas,  WedJte,  and  FroecG(^^9)  used  a  Seger  cone  technique  to  determine 
the  hquidup  temperature  of  a  number  of  vanadium  pentoxide -metal  oxide  systems.  MgO 
and  NiO  mixes  gave  the  most  rapid  increases  in  melting  point,  while  AI2O3  caused  no 
increase  until  about  50%  by  weight  had  been  added.  These  eaiuy  studies  were  quite  em¬ 
pirical,  and  PfeilH'^"^)  suggested  that  the  approach  to  these  problems  should  be  to  get 
basic  information  on  chemical  equilibria  which  can  be  set  up  between  the  constituents  of 
the  ash  and  the  products  of  oxidation  of  the  alloy,  with  particular  reference  to  melting 
ranges . 


"^ingnesium  and  Calcium  Compounds .  Magnesium  and  calcium  compounds  have 
been  s  ilectcd  as  B.dtable  additives  by  an  overwhelming  majcrlty  of  the  workers  on  the 
problem  of  high-temperature  corrosion.  The  results  in  the  laboratory  and  in  practice 
appiare.Uly  justify  the  selection.  It  is  jxiuUcd  out  by  Niles  and  Sander8(  138) ^  however, 
that  there  is  still  much  to  be  learned.  Factors  that  need  further  study  are  (1)  the  effect 
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of  SC3  and  SO2  on  deposits  and  on  complexes  former'  wi-.h  additives  and  (2)  the  influence 
of  the  minor  metallic  elements  thot  are  pre  sent  in  fuel  oil. 

Niles  and  Sanders  prepared  pure  compounds  from.  V^Og  and  MgO  and  obtained 
some  information  about  the  effect  of  SO3  in  rhe  combassion  system.  Magnesium  ortho¬ 
vanadate,  3MgO‘  V2O5,  was  formed  from  MgO  and  V^Og,  and  it  was  shown  that  this  was 
formed  regardless  of  the  mole  ratio  of  MgO  to  V2O5.  However,  when  the  ratio  was  less 
than  3  to  1,  the  reaction  product  included  V2O5,  arid  when  it  was  greater  than  3  to  1 ,  an 
excess  of  MgO  was  present.  Similarly,  mixtures  of  MgS04  and  V2O5  were  reacted.  In 
this  case  the  equilibrium  mixture  is  the  pyrovanadate: 

2MgS04  +  V20g  - -  2MgO*V20g  +  2SO3  . 

Whether  MgO  or  MgSO^  is  the  reactant  in  a  commercial  system  will  depend  on  the  par¬ 
tial  pressure  of  SO3  in  the  combustion  gases.  Units  operating  at  atmospheric  pressure 
may  or  may  not  have  sufficient  SO3  partial  pressure  to  form  MgS04,  depending  on  the 
operating  metal  temperature.  The  importance  of  this  basic  chemistry  was  indicated  in 
crucible  corrosion  tests  at  1500  F,  using  the  magnesium  compoxmds  described.  The 
pure  magnesium  pyrovanadate  was  ahown  to  be  100  times  as  corrosive  as  the  pure,  mag¬ 
nesium  orthovemadate.  This  paper  of  Niles  and  Sanders  represented  an  important  con¬ 
tribution  to  the  basic  chemistry  of  the  systems.  However,  it  was  pointed  out  hi  the  dis¬ 
cussion  of  the  paper  that  the  reactions  detcribed  are  not  likely  to  go  to  completion  in 
boilers  because  of  the  short  residence  time  in  the  gas  stream,  and  also  because  the  low 
co.ncent ration  of  the  reactants  in  the  gas  stream  would  prevent  intimate  contact  between 
particl'". 

1  ju  g,  Hershey,  and  Ku3sey(^25)  developed  a  refined  microfueion  apparatus  to 
deterniui-*  accurately  the  fusion  temperatures  of  ash  mixtures.  Four  stages  of  melting 
were  noted  and  proposed  as  standards  for  cvaluathig  fuel-oil  ashes:  (1)  sintering, 

(2)  first  bubbles,  (3)  initial  melting,  and  (4)  complete  melting.  Their  preliminary  re¬ 
sults  indicated,  from  melting-point  data,  that  magnosinm  and  calcium  wore  possible 
additives.  Corrosion  tests  confirmed  these  results  for  MgO,  but  in  the  case  of  CaO, 
more  corrosion  was  observed  than  that  found  for  untreated  oil.  The  reason  for  this  was 
thought  to  be  related  to  the  extremely  heavy  deposit  that  accumulated  on  the  test 
specimens. 

Ljkter,  Your<i,  and  Hcr.shcy(‘'^^)  reported  that  the  microfusion  technique  proved 
useful  as  a  rapia  and  convenient  means  for  evaluating  fuel  additives,  but  they  felt  that 
phase  diagi'ams  for  binary  mixtures  of  ash  constituents  and  proposed  additives  are  really 
needed  to  select  the  concentration  ranges  which  should  result  in  ^ olid  ash  products. 

Such  diagrams,  for  the  most  part,  were  not  available.  From  thermodynamic  considera¬ 
tions,  they  calculated  theoretical  melting-point  curves  and  dissociation  constants  for 
various  oxides  and  sulfates.  Their  results  indicated  that  the  oxides  of  aluminum,  cal¬ 
cium,  magnesium,  and  silicon  should  be  most  effective  in  raising  the  oil-ash  melting 
point.  In  audition,  when  the  dissociation  of  suiiates,  which  would  invariably  be  termed 
with  the  sulfur  in  the  t  'l,  was  taken  into  acconnf,  an  order  of  preference  waa  estab¬ 
lished-  aluminum,  magnesium,  ralcluro.  Figure  40  shows  composites  of  the  curves  lor 
several  oxides  ai-cl  sulfates  and  for  vanadium  pento.vide  and  sodium  sulfate.  The  inter¬ 
sections  of  the  V'205  »nd  NajSO^  curves  with  those  for  the  auditive  compounds  represent 
the  theoretical  <-utcc.tic  points. 
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The  excessive  deposition  that  sometimes  occurs  witii  magnesium  additions  may  be 
attributed  to  the  use  of  an  improper  amount  of  the  additive.  Niles  and  Sander s(^^®)  found 
that  magnesium  pyrovanadate ,  ZMgO*  V2O5,  occurred  in  deposits  when  the  amount  of 
magnesium  added  corresponded  to  the  stoichiometric  quantity  needed  to  produce  this 
compound  with  the  vanadium  available  in  the  fuel.  This  pyrovanadate  has  a  melting  point 
of  1240  F  emd  is  capable  of  forming  bonded  deposits  wherever  metal  temperatures  reach 
this  level.  If  metal  temperatures  are  below  1240  F,  however,  a  2-to-l  ratio  of  MgO  to 
V2O5  can  be  effective  in  changing  deposits  from  molten  globs  to  fluffy,  easily  removed 
particles,  as  has  been  the  experience  of  the  Public  Service  Electric  and  Gas  Company 
panyt  When  the  magnesium-vanadium  ratio  was  dropped  to  1,  4  to  1,  tube  wastage 

began,  and  if  it  was  less  than  1.  4  to  1  the  tube  banks  plugged.  Generally  speaking,  the 
best  results  seem  to  have  been  obtained  by  using  a  3-to-l  ratio  of  magnesium  to 
vanadium. 

Ctmningham  and  BrasunasC^S)  referred  briefly  to  the  use  of  certain  desirable  addi¬ 
tives  and  reported  the  results  of  one  experiment  with  magnesium  oxide  as  an  additive. 
X-ray  diffraction  studies  showed  that  a  new  crystalline  substance  was  formed  when  MgO 
■was  added  to  the  Na2S04-V2O5  mixture.  No  attempts  were  made  to  identify  the  new 
phase,  although  the  mixture  contained  21.8%  by  weight  of  MgO  (53,5  mole  %).  This  cor¬ 
responded  CO  6MgO’  4V205’  Na2S04.  Further  it  was  shown  that  although  the  4-to-l  ratio 
for  V205/Na2S04  is  in  a  region  of  high  oxygen  solubility,  the  addition  of  21.  8%  of  MgO 
resulted  in  oxygen  solubility  decreasing  almost  to  the  vanishing  point.  Therefore,  it  ap¬ 
pears  that  the  bcaeficial  effect  of  additives  nr.ay  be  not  only  to  raise  the  melting  point  of 
the  h  buc  also  to  reduce  absorption  of  oxygen.  The  latter  effect  should  be  investigated 
fi  ither. 

The  resulcs  of  laboratory  studies  involving  additions  of  metal  oxide#  to  a  typical 
''il  i  .h  are  shown  in  F.gure  41,  In  this  case  MgO  and  CaO  proved  to  be  a  great  deal 
more  effc''*.ve  in  rai-^g  the  melting  point  of  the  ash  than  either  AI2O3  or  Si02.  t 
The  ap’varen*  contradiction  of  these  results  with  the  calculations  of  Young  and  Hershey 
probably  stems  from  the  fact  that  th«ir  calculations  required  the  assumption#  tltat  ideal 
solutions  resvlt  and  that  no  inte '.'mediate  compounds  are  formed. 

In  genera’,  it  may  be  concluded  that  metal  oxides  in  very  fine  particle  size  are 
most  effective  as  solid  additives  to  oil-fired  systems.  Whether  the  metal  should  bo 
aluminum,  magr.e»ium,  •’ili^.on,  or  calcium  appears  to  depend  on  the  particular  system 
in  question.  Variaiions  in  performance  observed  by  investigators  in  thi#  field  are  prob¬ 
ably  due  to  differerct*  in  rondition^  .hat  prevail  at  the  installations.  An  inorganic  com¬ 
pound  with  basic  properties _  such  as  magnesium  oxide  or  dolomite,  holds  most  promise 
because  it  can  fulfill  tl  2  double  fu4ictior  of  reducing  deposits  cauaed  by  sodiu^n  and  vana¬ 
dium,  and  at  liic  same  time  neutra.ice  the  SO3  in  the  flus  gases. 


Oil-Soluble  Additives 


Unless  the  additive  is  weil  c'-'#,.er8ftd  with  the  re&idual  fuel  oil  at  s  i:ie  stage  in  the 
combustion  process,  it  may  not  be  effective.  Attention  has  been  given  Ur  .he  posslbilitv 
of  choosing  additives  which  wi  I  dissolve  in  the  fuel  oil  to  obtain  increased  effectiveness. 
A  Bullabie  additive  :n  solution  automatical!'/  will  have  Intimate  contact  with  each  oil 
droplet  foirncd  in  the  burner.  Under  these  -onditions,  it  is  more  likely  that  the  desired 
high-mclling  ash  compounds  will  form  ii\  the  course  of  combust! 'n. 
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FIGURE  41.  EFFECT  OF  INCREASING  WEIGHTS  OF  VARIOUS  OXIDES 
ON  THE  MELTING  POINT  OF  A  TYPICAL  CRUDE 
OILASH^'^^) 
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Metal  Organics.  Extensive  experiments  with  oil-soluble  additives  were  performed 
in  a  small-scale  burner  by  Amero,  et  al.  (4).  Their  results  correlated  well  with  similar 
tests  in  a  full-scale,  10-inch  combustor.  The  naphthenate  salts  of  various  metals  were 
chosen  because  they  are  soluble  in  oil.  Manganese,  strontium,  and  rare-earth  naph- 
thenates  performed  better  than  calciiun  naphthenate,  magnesium  naphthenate,  and  an 
organic  aluminum  compound  from  the  viewpoint  of  deposits.  There  seemed  to  be  no  cor¬ 
relation  between  the  amount  of  deposit  and  the  amount  of  corrosion.  However,  those 
compounds  which  gave  the  least  deposits  were  not  particularly  effective  as  corrosion 
inhibitors.  The  most  effective  material  for  combined  deposit  and  corrosion  inhibition 
was  m^lngane8e  naphthenate,  followed  closely  by  rare-earth  and  magnesium  naphthe- 
nates.  It  is  significant  that  oil-soluble  compounds  of  the  elements  tested  were  not  nec¬ 
essarily  more  effective  than  insoluble  compounds,  although  they  were  more  expensive, 
per  unit  of  active  ingredient,  because  of  the  larger  equivalent  weight  of  the  organometal- 
lic  compound. 

In  a  similar  study  conducted  at  the  U.  S.  Naval  Engineering  Experiment  Sta- 
tion^^®^),  34  metal  naphthenates  were  tested,  using  a  high-vanadium  fuel  at  tempera¬ 
tures  from  1500  to  1700  F.  The  lanthanum,  antimony,  and  iron  naphthenates  were  best 
in  reducing  deposition  and  corrosion.  Others  which  performed  well  were  the  derivatives 
of  calcium,  sodium,  manganese,  cerium,  cind  neodymium.  Barium  naphthenate  has  also 
been  shown  to  be  ein  effective  deposit  inhibitor.  (197) 

Occasionally,  it  has  been  observed  that  a  combination  of  an  oil-soluble  and  a  solid 
additive  is  more  effective  than  either  used  alone.  Of  a  serioB  of  tests  with  magnesium 
naphthenate,  a  mixture  with  kaolin  reduced  turbine-capacity  losses  to  3%  (in  100  hours) 
as  compared  with  22%  with  the  magnesium  naphthenate  alone  and  27%  for  the  kaolin 
alone.  ( *°^)  It  is  particularly  interesting  to  note  the  results  of  X-ray  examination  of  de¬ 
posits  in  these  three  cases: 

(1)  Magnesium  naphthenate  -■  Deposits  contained  MgO,  MgSO^"  bH^O, 

MgSO^-  ^H^O,  3MgO*  V2O5,  and  an  unidentifiable  material. 

(2)  Kaolin  —  Deposits  were  mullite  I 2Si02) *  2NiO*V20g,  and 
an  unidentifiable  material. 

(3)  Magnesium  naphthenate  +  kaolin  —  (a)  With  a  small  amount  of  kaolin 
deposits  were  only  MgSO^'  7H7O  and  unidentifiable  material. 

(b)  With  a  I.'  rge  aojount  ol  kaolin  the  deposits  consisted  of  SMgO'V^Og 
and  a  water-soluble  material  with  approximate  composition  of 
l4MgO‘  1 1A1203'  22SiO^’  8V 

Under  the  conditions  of  these  tests,  magnesium,  either  alone  or  with  a  little  kaolin, 
formed  sulfate  rather  than  vanadate  and  deposited  in  large  amounts.  Additional  kaolin 
was  needed  in  the  mixture  to  form  the  complex  vanadium  material  which  apparently  was 
sufficiently  high  molting  to  be  carried  through  the  system  with  a  minimum  of  deposition. 

Proprietary  oil-sf/lublc  materials  ha /e  given  indications  of  promise  as  deposit  in¬ 
hibitors  also.  A  calcium  additive  reduced  the  sulfur  and  the  vanadium  content  of  super¬ 
heater  ocpor.its  significantly,  when  used  in  hollers  at  the  West  Lynn  plant  of  the  General 
Electric  Company{ *b8).  Moderate  deposition  occurred  In  an  evaluation  of  oil-soluble 
magnesium  additives  at  the  U.  S.  Naval  Engineering  Experiment  Station.  ( ^ ^9)  An 
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aluminum- containing  soluble  inhibitor  has  been  shown  to  raise  the  ash-fusion  tempera¬ 
ture  of  a  high-sodium  fuel  from  1720  F  to  somewhere  in  excess  of  2250  F  (Al;Na  =  0.  75) 
and  that  of  a  hish-vanadium  fuel  from  1225  F  to  a  temperature  greater  than  2400  F 
(A1;V  =  2:1.92)1139). 


Mixed  Formulations.  The  use  of  ethyl  silicate  or  mixed  ethyl  polysilicates  in  an 
aromatic  solvent  has  been  claimed  to  maintain  the  efficiency  of  a  gas  turbine  at  98%  for 
many  hours.  (145)  A  mixture  of  MgO  and  sodium  naphthenate  reportedly  is  effective  in 
reducing  deposits  in  residual  oils  containing  appreciable  amounts  of  sulfur  and  vanadium. 
Mixtures  of  magnesium  tallate  and  K2CO31  or  talc  and  Na2C03  were  effective  as 
well.  (I^IJ  Case  histories  quoted  in  advertising  lor  some  proprietary  additives  point  to 
the  usefulness  of  various  metal  acetylacctonatcs  in  combatting  deposits  and  corrosion. 


Economic  Factors.  In  spite  of  the  success  of  oil-soluble  additives,  their  cost 
militates  against  widespread  use,  even  though  they  can  be  introduced  into  the  system 
more  easily  than  solid  additives.  On  the  other  hand,  water-soluble  salts  that  can  be 
emulsified  in  the  oil  have  ^he  same  advantage  of  ease  of  introduction  and  are  less  ex¬ 
pensive.  Probably  the  truly  oil-soluble  additives  will  be  restricted  to  rather  specialized 
applications,  where  the  expense  can  be  justified. 


Pilot  Boiler  Tests 


The  theoretical  interpretation  of  the  additive  problem  has  been  well  substantiated 
by  experimental  programs. 

Investigation  of  additives  in  pilot  scale  furnaces  we'^e  made  by  Mcllroy,  Holler, 
and  Lee(^31)j  Rendle,  Wilsdon,  and  Whittingham(  1^^) ,  am'  Phillips  and  Wagoner!  149). 

In  Mcllroy's  experiments,  coils  of  stainless  steel  tubing  were  positioned  at  different 
heights  above  the  combustion  chamber  in  a  vortical  test  rig,  and  the  metal  temperature 
was  adjusted  by  blowing  compressed  air  through  the  coils.  Temperatures  from  750  to 
1350  F  were  maintained.  Oil  containing  the  various  additives  was  burned,  and  the  nature 
of  the  deposits  was  observed.  Oxides  of  aluminum,  magnesium,  and  calcium,  in  that 
order,  gave  best  rosul's,  that  is.  readily  lemovable  powdery  deposits. 

A  similar  technique  was  used  by  Rendle  and  associates!  1^"^)  in  a  pilot-scale  boiler 
rig  operating  up  to  1300  F.  Two  tube  banks  were  placed  at  deai^n&'ed  distances  from 
the  combustion  chamber  in  a  horizontal  furnace,  and  the  metal  temperatures  were  ad¬ 
justed  by  blowing  air  through  the  tubes.  Low-  and  high-vanadium  fuels  were  burned.  In 
the  additive  studios,  Swedish  dolomite  with  an  average  particle  slee  of  100  microns  and 
Norwegian  dolomite  with  an  average  particle  size  of  15  microns  were  fed  into  the  flame 
from  a  vibrating  tray.  It  was  found  that  injection  of  dolomite  equal  to  0.  OAfa  of  ash 
weight  reduced  tlic  corr(*sion  resulting  from  vanadium.  However,  there  was  an  increase 
In  the  nressure  drop  across  the  fire-sido  of  the  tube  hanks.  This  was  taken  as  a  meas¬ 
ure  of  ‘ouling.  With  th :  Swedish  dolomite,  heovy  fouling  occurred  after  about  150  hours 
of  operation.  The  Norwegian  dolomite  (with  a  higher  magnesium  content)  also  caused 
heavy  fouling,  but  the  deposits  were  softer  and  less  adherent.  Analyses  of  the  deposits 
were  not  available. 
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Phillips  and  Wagoner  also  used  a  horizontal  pilot-scale  furnace,  with  three  tube 
banks  of  five  tubes  each  placed  in  three  gas-temperature  zones:  2500  F,  2100  F,  and 
1700  F ,  respectively.  The  tubes  were  cooled  with  steam  to  obtain  approximately  the 
same  tube  temperature  in  all  three  zones.  Diesel  oil  with  added  compounds  of  sodium, 
vanadium  and  sulfur  was  burned  to  provide  the  oil-aah  constituents.  In  the  additive 
tests,  MgO,  Mg(OH)2,  and  CaC03’MgC03  as  dry  powders,  were  blown  into  the  gas 
stream  by  compressed  air.  Significant  reduction  in  corrosion  was  reported.  The  alloys 
under  test  suffered  less  corrosion  at  a  metal  temperature  of  1200  F  than  at  1100  F  with¬ 
out  the  additive.  A  ratio  of  magnesium  to  vanadium  of  at  least  3  to  1  was  required.  It 
was  emphasized  that  data  obtained  in  other  experiments  under  the  isothermal  conditions 
applicable  to  gas-turbine  operation  could  not  be  applied  to  boiler  operation,  where  a 
considerable  difference  exists  between  the  gas  and  metal  temperature. 

Other  laboratory  and  test-rig  screening  teats  on  i>o8Sible  additives  have  been  re- 
ported(^>^'^»^^K  The  test  conditions  were  more  applicable  to  gas  turbines  than  to  steam 
boilers.  All  of  the  results  are  not  discussed  in  detail  here,  but  several  interesting 
points  are  worthy  of  mention.  For  example,  it  was  observed  that  (a)  the  order  of  effec¬ 
tiveness  of  additives  is  different  on  iron-base  alloys  than  on  nickel-base  alloys  and 
(b)  the  order  may  change  with  temperature.  Also,  oil-soluble  compounds  of  elements 
are  not  necessarily  more  effective  than  aqueous  solutions  or  insoluble  powders.  In 
Amero's  work(4),  many  of  the  additives  substamtially  reduced  corrosion.  Micronited 
talc,  KMn04,  and  MgO  were  effective  in  small-burner  teste  at  estimated  materials  cost 
of  1,  11,  and  0.8  cent/barrel  of  fuel,  respectively.  Reduction  in  corrosion  is  not  di¬ 
rectly  proportional  to  the  concentration  of  the  additive.  The  first  increment  apparently 
reduced  corrosion  more  than  did  subsequent  additions. 

This  review  indicates  that  selection  of  an  additive  is  not  determined  solely  by  its 
corrosion-inhibiting  effects.  Some  of  the  other  requirements  include  low  cost,  com¬ 
mercial  availability,  and  effectiveness  over  a  range  of  temperatures  and  on  different 
alloy  compositions.  The  effect  on  formation  of  deposits  and  their  properties  must  not 
he  overlooked.  A  factor  that  has  not  been  discussed  here,  but  which  would  undoubtedly 
be  very  important  in  practice,  is  the  design  of  feeding  mechaniems  for  the  additives. 


Control  of  Gas-Turbine  Deposits 


A  considerable  portion  of  the  published  papers  and  reports  dealing  with  additives 
is  directed  to  the  problem  as  it  pertains  to  gas-turbine  applications.  This  is  because 
operating  temperatures  are  higher  than  in  boilers,  accentuating  the  molten-ash  problem, 
and  because  relatively  small  q\iantities  of  deposits  on  turbine  blades  result  in  a  signifi¬ 
cant  drop  in  efficiency.  In  discussing  developments  that  may  apply  to  steam  boilers, 
brief  reference  is  made  to  these  gas-turbine  results  because  the  Inherent  causes  and 
euros  are  the  same  as  for  boilers. 

Buckland^^**),  reporting  on  tests  of  the  effect  of  add  t.'ves  on  deposits  in  full-scale 
gas  turbines,  conducted  at  the  Rutland  and  Graliam  Stations,  found  that  increasing  the 
alum.iiv.rn  content  of  the  fuel  with  respect  to  its  vanadium  content  decreased  the  dejioai- 
non  rale.  However,  deposits  increased  with  increasing  magnoalum  content  of  the  addi¬ 
tive.  Nevertheless,  in  practice  the  use  of  magnesium  compounds  has  been  preferred  for 
reasons  of  economy.  Young  and  his  associatesC^^S)  have  shown  experimentally  that  MgO 
additions  to  residual  fuels  have  reduced  corrosion,  both  from  Na2S04  and  V^Os,  and 
l»ave  made  the  deposits  porous  and  friable. 
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Sulzert^*^^)  has  stated  that  promising  results  were  obtained  with  a  suspension  of 
aluminum  silicates  iri  the  residual  oil  used  with  a  semiclosed'cycle  20,000-kw  gas- 
turbine  plant  in  Switzerland.  The  fuel  contained  0. 05%  ash,  consisting  of  0.  03%  V2O5 
and  0.  017»  Na20,  with  an  additional  1.  9%  sulfur.  VTith  no  additives  in  the  fuel  severe 
blade  fouling  occurred  in  the  first  three  stages  of  the  turbine  after  50  hours  of  operation. 
The  deposits  consisted  mainly  of  ash  with  dissolved  corrosion  products.  With  treated 
fuel,  the  turbine  was  still  operating  after  2200  hours,  and  no  reduction  in  performance 
from  fouling  was  detected.  Fine  deposits  consisting  of  clear  globules  auid  needlelike 
crystals  were  visible  on  the  backs  of  the  blades  of  the  final  stages.  Each  of  the  globules 
resulted  from  the  combustion  of  an  oil  droplet  mixed  with  fuel  additive.  These  particles 
consisted  of  about  90%  silicates  and  contained  60  to  80%  of  the  ash  of  the  oil.  Their 
melting  point  was  about  2500  F,  which  was  high  enough  to  prevent  adhesion  in  the  tur¬ 
bine.  The  aluminum  silicate  is  believed  to  dehydrate  and  eventually  convert  to  mullite; 

Al^Oy  ZSiO^’  ZH^O  — —  Al^Oj  +  2Si02  ^  ^2°  ^*^2° 

kaolin  mullite 

The  use  or  aluminvun  silicate  as  an  additive  has  been  patented. 

Hydrated  calcium  silicate(  170)  and  magnesium  silicate  or  a  naixture  of  magnesium 
and  silicon  compounds( ^  have  been  found  sufficiently  effective  in  specific  rases  to 
have  been  patented  also,  A  mixture  of  calcitim  acetate  and  basic  calcium  sulfonate  in  a 
light  oil  has  recently  been  patcntedn'^0)  as  an  additive  to  minimize  deposits  from  burn¬ 
ing  residual  fuels. 

A  few  other  solids  such  as  talc,  kieselguhr,  and  dintomaceous  earth  have  shown 
effectiveness  as  additives  in  gas  turbine 8(197),  while  the  use  of  crushed  walnut  shells 
(300  to  700  microns)  as  a  deposit  preventive  has  been  patented(llO).  Retardation  of  de¬ 
posits  in  this  case  has  been  ascribed  to  mechanical  rather  than  chemical  effects. 

A  fuel  oil,  given  a  desalting  treatment  and  containing  a  water-soluble,  emulsifiahle 
additive,  was  fed  to  a  gas  turbine.  Its  successful  operation  has  been  reported  by 
Duckland(^^» Early  turbine  operation  with  a  calcium  additive  experienced  slight 
corrosion  with  a  great  deal  of  deposition.  Since  a  water  solution  of  magnesium  sulfate 
has  been  used  as  an  additive,  deposition  and  corrosion  have  been  almost  elintinated. 
However,  desalting  b',  washing  and  centrifuging  to  bring  the  sodium  and  calcium  content 
of  the  oil  below  10  ppm  is  a  necessary  preliminary  step.  The  magnesium-to-vanadlum 
ratio  is  maintained  at  3  or  grc,\ter,  while  the  sodium-to-vanadium  ratio  is  kept  below 
0.  3  for  good  results, 

A  number  of  reports  liavc  been  written  on  the  work  carried  on  at  the  National  Gas 
Turbine  Establishment  in  England.  Inorganic  oxides  were  mixed  with  V2O5  and  heated 
to  about  1500  F.  The  mixtures  that  did  not  liquefy  were  tested  (usually  at  1300  to  1500  F) 
in  contact  with  some  of  the  alloys  used  m  gas  turbines.  Some  of  the  tests  were  made  in 
air  and  others  in  air  containing  0.  iTe  SO'^.  Additional  tests  were  made  in  mixtures  of 
propo:v'i  additives  and  ashes  from  Admiral' v  reference  fuels. 

In  all  of  these  IcRts  only  magnesia  and  zinc  oxide  were  considered  satisfactory  ad¬ 
ditives  to  suppress  corrosion.  Magnesia  was  reported  to  be  slightly  better  at  tempera¬ 
tures  over  1500  F,  while  zinc  oxide  was  better  below  1500  F.  When  SO3  was  present  in 
the  test  atmosphere,  calcium  vanadate  was  converted  to  calcium  sulfate.  In  another 
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investigation  oil-soluble  metal  naphthenates  were  added  to  a  reference  fuel  and  the  be¬ 
havior  examined  in  a  test  rig.  The  zinc  compound  proved  to  be  the  best  additive  in  this 
experiment,  reducing  corrosion  to  one-tenth  the  original  value.  Magnesium  and  calcium 
compounds  were  next  in  order  of  effectiveness.  Aluminum  and  iron  comp  •  inds  reduced 
corrosion  by  about  one-half  but  caused  excessive  deposits.  Another  series  of  reports, 
also  applying  to  gas  turbines,  described  the  investigations  of  The  Shell  Petroleum  Com¬ 
pany,  Ltd.  Again,  magnesium  and  zinc  compounds  were  reported  to  be  the  most  effec¬ 
tive  in  reducing  corrosion  when  addea  in  sufficient  quantity  to  form  the  orthovanadates. 
An  undesirable  effect  of  magnesium  was  its  tendency  to  slag  on  the  silica-alumina  re¬ 
fractories  in  combustion  chambers.  Magnesium  additive  was  said  to  have  only  a  mar¬ 
ginal  influence  on  ash  deposition.  Tests  on  a  Ruston  and  Hornsby  3CT  gas  turbine 
showed  that  a  mixture  of  kaolin  and  magnesium  had  a  beneficial  effect.  Magnesium  sul¬ 
fate  showed  promise  because  corrosion  was  reduced  and  the  deposits  that  formed  were 
loose  and  readily  removed. 

Agreement  among  investigators  is  not  complete  as  to  the  relative  efficacy  of  mag¬ 
nesium  additives.  In  the  study  of  the  oil-fired  gas  turbine  aboard  the  tanker  "Auris" 
(owned  by  Shell  Petroleum.  Ltd. ),  magnesium  salt  additions  caused  excessive  slagging 
of  refractorieaC  1  ^0).  Kaolin,  AliO^'  PSiO^'  2H2O,  and  ethyl  silicate  were  the  only  satis¬ 
factory  additives  reported  to  have  any  promise.  Ethyl  silicate  is  oil  soluble  but  expen¬ 
sive,  whereas  the  insoluble  3  to  4-micron  particles  of  kaolin  tended  to  settle  in  the  oil. 
The  protective  action  of  the  silicate  additives  was  thought  to  result  from  enveloping  of 
the  ash  particles  in  glaaslike  spheres  that  did  not  adhere  to  the  metal.  However,  the 
mechanism  is  not  fully  understood. 

Another  report  on  some  very  early  woik  applicable  to  gas  turbines  was  given  by 
Stauffer^  Alloy  specimens  were  heated  in  contact  with  mixtures  of  ash  and  various 

additives  at  temperatures  ranging  from  1380  to  1560  F.  Only  cerium  sulfate  and  cal¬ 
cium  oxide  produced  significant  decrease  in  corrosion.  Darlingt'^^)  noted  that  fouling  in 
a  gas  turbine  operating  at  a  mr.ximum  temperature  of  1050  F  was  decreased  to  almost 
zero  by  changing  the  atomization  to  form  oil  droplets  with  minimum  diameters  of  77  mi¬ 
crons.  The  oil  droplets  are  not  burned  completely,  and  the  ash  particles  leave  the 
combustion  chamber  in  a  hard,  dry  form  encased  in  carbon.  No  additive  was  used. 


Treatment  of  Surf.iccw  Wi.h  Aqueous  Slurries 

Greenerl^'^'^)  reviewed  the  work  that  has  been  conducted  at  the  U.  S.  Naval  Engi- 
nceririg  Experimctii  Station  (EES)  and  elsewhere.  Today's  most  urgent  need,  he  con¬ 
cludes,  is  simple  .vnd  practical  remedial  measures  to  enable  cu.  rent  equipment  to  oper¬ 
ate  with  piresent  contaminated  fuel.  Basic  solutions  to  the  problem,  such  aa  the  use  of 
fuel  .additives,  or  'J-.e  substitution  of  more  highly  corrosion-resistant  materials  are 
neither  applicable  nor  fe.isibic  in  naval  equipment.  Therefore,  an  investigation  of  the 
use  of  simple  w.ashes  and  similar  coatings  ,  to  be  applied  directly  to  contaminated  boiler 
surfaces,  was  undertaken  in  the  laboratory  at  Anr.iprf'U*. 

The  technique  uied  for  cv.’liiatiag  corrosion  behavior  :n  this,  and  other  EES  in- 
vr stig.»tic.is  is  bricHy  as  follows. 

(1)  Metallic  specimens  arc  precontaminalcd  by  immersion  in  molten  syn¬ 
thetic  .ash  at  1600  F  for  I  hours.  Tw'o  mixtures  that  have  been  used 
arc  (a)  70'%  30%  or  (b)  79%  V2O5  +  21%  NaV03. 
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(2)  The  specimens  are  then  painted  with  a  thick  water  slurry  oI  various 
compounds  being  tested. 

(3)  After  drying,  the  relative  corrosion  resistance  is  determined  by  heat¬ 
ing  at  1600  F  in  oxygen  at  atmospheric  pressure  and  measuring  the 
quantity  of  oxygen  consumed  by  the  corrosion  reaction.  Time  of  test 
is  usually  3  hours,  and  the  results  are  compared  with  those  obtained 
on  untreated  and  un contaminated  surfaces,  using  change  in  weight  as 
the  criterion  of  corrosion. 

The  effectiveness  of  the  various  remedial  treatments  is  shown  in  Figure  42  taken 
from  a  report  by  Greenert  and  RichardB(  The  bar  chart  shows  that  slurries  of  com¬ 
pounds  of  calcium,  magnesium,  and  barium  reduced  corrosion  by  as  much  as  90%.  In¬ 
expensive  hydrated  lime  was  shown  to  be  as  effective  as  chemically  pure  calcium  oxide. 
The  beneficial  effect  is  shown  to  persist  over  longer  periods  in  Figure  43{'^^).  It  was 
also  observed  that  treatment  with  the  calcium  and  magnesium  slurries  made  the  vana¬ 
dium  ash  deposits  more  water  soluble. 

Additional  experiments  were  conducted(^2)  to  develop  practical  treatments.  Two 
treatments  were  developed  that  are  intended  primarily  for  boilers.  The  first  one,  suit¬ 
able  for  use  while  steaming,  or  in  a  standby  status,  involves  only  periodic  application 
of  a  water  slurry  of  hydrated  time  to  sensitive  boiler  parts.  The  slurr/  may  be  applied 
through  soot  blowers  or  by  a  lance  through  boiler  ports.  The  amount  of  slurry  and  fre¬ 
quency  of  application  would  depend  on  the  vanadium  content  of  the  fuel  and  the  amount  of 
fuel  fired.  Visual  observation  of  slag  deposition  would  help  to  determine  this.  The  sec¬ 
ond  treatment  is  primarily  intended  to  condition  the  slag  for  easy  removal  prior  to  shut¬ 
down  for  cleaning  or  overhaul.  This  involves  an  application  of  lime  or  calciuni  and  mag¬ 
nesium  oxide,  as  in  tlie  first  treatment,  and  a  period  of  heavy  firing  just  before 
shutdown.  This  makes  the  slag  more  water  soluble  and  easier  to  remove.  No  change 
in  standard  washing  procedures  would  be  required. 

Economic  considerations  necessarily  play  a  large  role  in  deciding  what  materials 
are  practical  for  use  as  additives.  Mcllroy  and  Lee^^^)  found  alumina  to  b*?  the  best 
additive  for  steam-generating  units,  with  magnesium  and  calcium  oxides  promising. 
However,  dolomite  {MgC03’  CaC03)  was  eventually  put  into  use  rather  than  any  of  these 
three  because  it  was  more  desirable  from  operating  and  economic  standpoints.  The  use 
of  dolomitic  lime  was  also  found  pr.actical  by  CampbelU^  0 ,  with  the  result  that  ash  de¬ 
posits  became  powder,-  and  easily  removable.  Corrosion  in  the  cooler  parts  of  the  sys¬ 
tem  was  also  materially  rcdviced. 

U  is  interesting  to  note  that  a  slurry-spraying  procedure  h.'S  been  reported  to  be 
operating  successfully  at  botlcr  plants  of  the  Florida  Power  and  Eight  Company.  The 
procedure  was  described  by  Kcck^*®^)  in  1959-  In  the  Initial  investigation ,  coating  the 
metal  surfaces  with  a  fine  spray  of  calcium  oxide-water  slurry,  prevented  the  adherence 
of  slag  deposits.  Furthermore,  a  similar  spray  application  to  a  heavily  slagged  boiler, 
caused  layers  of  slag  to  dislodge  from  the  eurf.iee  and  drop  lo  the  furnree  floor.  The 
spray  is  applied  throuj  h  soot  blowers;  a  discusaiun  of  the  equipment  is  given  in  the 
paper. 


Additional  operating  experiences  with  the  process  are  given  In  a  later  paper  by 
Kcck(*®*K  Discussion  of  the  development  of  the  optimum  slurry  formula,  processing 
schedules,  and  operating  experience  is  given.  At  the  Fort  Myers  boiler,  the  slurry  is 
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FIGURE  42.  EFFECTIVENESS  OF  REMEDIAL  TREATMENTS  IN  ARRESTING 
ACCELERATED  OXIDATION  OF  LABORATORY- 
CONTAMINATED  SPECIMENSC^^) 

The  alkaline  earth  com^cmnda  were  applied  t«  thick 
water  uurrics. 
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43.  CMYGfIN  CONSUMPTION  OF  LABOR/. TOP  Y-CONTAMIN.\TED  S.OECI'.'ENS 
SHOWING  EF;~F,CT  of  CaO  REMEDIAL  TRLATMLKl'  DURING  LG^?G• 
TERM  OXIDATION  PERIOD^^'*' 

*t  temperature,  1600  F;  ipecinten  material,  25Cr-<d0Ni  aleel. 
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composed  of  0.  pound  of  ground  calcined  magnesite  mixed  with  treated  water  to  form 
1  gallon  of  slurry.  The  magnesite  is  gro\ind  so  that  95%  passes  through  an  ASTM 
No.  100  sieve.  The  magnesite  has  a  magnesium  oxide-to-calcium  oxide  ratio  of  20  to  1. 

All  surfaces  exposed  to  gas  temperatures  exceeding  1000  F  were  washed  daily  with 
the  slurry,  and  surfaces  exposed  to  gas  temperatures  below  1000  F  were  sprayed 
weekly.  This  procedure  made  it  possible  to  maintain  surfaces  relatively  free  of  d»*po8- 
its  and  corrosion.  Superheater  an.4  rehealer  tubes  were  examined  during  an  unscheduled 
shutdown  after  39  months  of  operation,  during  which  fuel  averaging  1.88%  sulfur  and 
400  to  500  ppm  of  V2O5  was  used.  It  was  found  that  all  samples  were  within  the  thick¬ 
ness  tolerances  specified  for  new  tubes.  The  process  was  also  described  by  Cantieri 
and  Chappellf^^).  Corrosion  is  not  discussed  sufficiently  in  the  above  papers  on  slurry 
spraying  to  enable  one  to  visualize  the  extent  of  corrosion  quantitatively.  Cantieri  re¬ 
ported  that  superheater  hangers  do  not  receive  the  degree  of  protection  from  slurry 
spray  to  prevent  deterioration  in  the  course  of  time  because  of  their  very  high  metal 
temperatures. 


Other  Boiler  Experiments 

Heavy  buildup  of  deposits  with  additives  may  in  some  cases  be  attributable  to  inef¬ 
ficient  soot-blowing  facilities.  Greenwood^^U  carried  out  duplicate  tests  on  two  similar 
marine  boilers,  one  having  retractable  steam  blowers  and  the  other  with  air  puff  blow¬ 
ers.  When  MgO  was  added  at  the  rate  of  0.  I  per  cent  of  fuel  weight  to  residual  oil  hav- 
ing  300  ppm  of  vanadium  the  boiler  with  steam  blowers  was  still  95%  clean  after 
3-1/2  months  of  operation.  The  boiler  having  air  puff  soot  blowers  was  90f9  plugged 
after  5  months  of  operation.  The  condition  of  the  latter  boiler  was  worse  than  one  in 
which  no  additive  had  been  used.  Consequently,  the  efficiency  of  an  additive  may  depend 
on  the  conditions  under  which  it  is  employed.  The  additive  may  be  reacting  with  ash 
constituents  to  raise  their  njelting  pomt,  but  some  other  factor  may  cancel  this  bene¬ 
ficial  effect. 

Table  18  lists  a  summary  of  experiences  using  dolomite  Lnjected  (a)  as  a  slurry  or 
(b)  as  a  dry  powder.  The  advantages  in  each  case  must  be  weighed  against  the 
disadvantages. 


FUEL  PRE  I  RE.^TMENTS  AT  THE  BOILER  PLANT 


As  problem*  uivotving  corrosion  and  deposits  developed  in  boiler  and  gas-turbine 
unit#  fired  with  residual  oils,  one  of  the  first  steps  taken  was  to  investigate  possible 
ways  to  reduce  the  concentration  of  ash-forming  c onslituersts  to  a  lower  and  perhaps 
morc-l«lcrsbIc  level.  This  interest  persists,  pirticularlv  with  regard  to  rertuci.oi',  of 
the  substances  found  to  be  primarily  reuponsible  for  '.he  troubles  encountered,  namely 
vAnad.um  and  alkali  metal  compound*.  ®esldual  oil*  are  by-products  of  refinery  proc¬ 
esses  u-si^ned  primarily  to  produce  the  highest  possible  yield.*  of  gasoline  and  the  iv..gh- 
value-disliUaie  hydrocarbo.n  fuels.  Fuel-oil  prices  are  scheduled  to  be  competitive  with 
other  low-cost  fuels,  especially  coal.  The  cost  of  any  additional  processing  at  the  re¬ 
finery  to  improve  the  quality  of  residual  fuel  oils  must  be  allocated  either  to  an  in¬ 
creased  price  for  the  residual  product  or  be  included  in  the  ch.arges  for  the  high-value- 
distillate  fuel*.  Neither  procedure  can  usually  be  justified  economically.  As  lo.ng  as 
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TADLE  18.  SUMMARY  OF  EXPERIENCES  WITH  DOLOMITE  ADDED  TO  BOttER  FURNACES  AS  SLURRIES  AND  l>OWDERS(93) 


Country 

Company  or 
Authority 

Power  Station 

Dosage  Rate 

Method  of  lojec- 
tion  Into  Furnace 

Advanuges 

Dlsadvanuges 

United  State!  of 
America 

Florida  Power 
Corporation 

Inglis 

Dolomite  1 
Oil  a^i  *1 

Aa  a  ilutry  in  oil 

Reduced  ilag  forma¬ 
tion  and  tuper- 
heatet  btoc^get 
reduced  coiicalvo 
quality  of  flue 
gaseai  lowered  dew¬ 
point  from  270  to 
5S0P 

Blockages  In  oU  sup¬ 
ply  lines  and 
itiainerti  buruer- 
Dozile  seear 

United  Statei  of 
America 

Public  Service 
Electtlc  and 

Gas  Company 

Kearny 

Dolomite  S! 
Oil  ash  *  i 

Aa  a  limy  In  oil 

Reduced  bonded  de- 
poait  fotinatlon 
on  lupetheater 
sisfacet 

Pump  wear!  block¬ 
age  to  oooveettfle 
superheater 

United  States  of 
America 

Public  Service 
Electric  and 

Gas  Company 

Sewaren 

Dolomite  1 
OUuh  *1 

As  a  slurry  In  oil 

No  definite 
concluifoos 

Slagging  in  com¬ 
bustion  chamber 
and  on  lupet- 
heatei  tubes 

United  States  of 
America 

ConsoliJated 
Edlsou  Co.  of 
New  York 

Not  tuted 

Dolomite  1 
on  ash  "I 

Aa  a  slurry  In  oil 

Rate  of  blockage 

In  superheater 
probably  reduced 

Not  very  tucceisful 

Brazil 

San  'aulo  Light 
and  Power  Co. , 
Ltd. 

Piratlninga 

Coloinlte  i(*)  Injected  Into  flame 
OU  ash  1  of  esch  burner  In 

form  of  dry  powiet 

Superheater  deposits 
made  friable 

Slagging  in  com¬ 
bustion  chamber 

I'rance 

EiectricitS  de 
France 

Nantes- Chevlre 

2.01b/ 

1,000  lb  oil 

Injected  as  dry  pow¬ 
der  through  two 
opposing  coal 
buracn 

Superheater  deposits 
made  dty  and 
joviety 

Rap!'!  fouling  In 
supetheam,  even 
with  more  be- 
quent  loot  blowing 

Ftance 

Electrlclie  de 

France 

Oieppedalie 

2  to  2  Ib/ 

1,000  lb  oU 

As  a  dry  powder 

Into  flame  or 

Into  top  of  oom- 
bustloQ  chamber 

None 

Slag  fotmatloo  on 
brickwork  arousd 
b;<oent  rapid 
lupetheater  fouitog 

Great  Britain 

Central  Elecalc- 
Ity  Generating 
Board 

Southport 

6  lb/ 

U  000  lb  oU 

Aa  a  dry  powder 
through  comittoti 
wlnibox  to  four 
buicera 

Reduced  dewpoint 
cf  .lue  gases  fiom 
300  to  340  F 

earned  blockage  to 
•uperbeate 

(«)  Later  added  st  a  rate  baaed  on  anyjum  of  depoali  tutmlng  coiniltu^B  to  oU  aall. 
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much  of  the  residual  fuel  produced  can  be  sold  "as  is"  for  steam-power  generation, 
further  processing  ordinarily  cannot  be  justified  by  the  refiner  on  economic  grounds. 

Nevertheless,  it  is  to  the  advantage  of  the  consumer  to  carry  out  some  processing 
of  resid\ial  fuel  when  specialized  applications  such  as  the  gas  turbine  are  involved.  As 
a  result,  some  experimental  work  has  been  done  to  improve  the  quality  of  residual  oils 
for  special  applications. 


Water  Washing 


Processes  involving  water  washing  and  centrifuging  have  been  used  with  consid- 
e’-able  success  in  preparing  residual  fuel  for  use  in  diesel  engines,  gas  turbmes,  and 
marine  plants.  Centrifuging  alone  is  useful  in  removing  water  from  the  fuel.  If  the 
associated  water  contains  chlorides  of  sodium,  magnesium,  and  calcium,  these  salts 
will  be  removed.  If  an  emulsion  is  present,  removal  of  the  water  entails  some  loss  of 
oil.  When  microcrystalline  salts  are  present,  a  preliminary  washing  with  water  will 
provide  removal,  again  with  the  formation  of  undesirable  emulsions  unless  an  effective 
emulsion-breaking  compound  is  added  to  the  fuel  oil  before  washing.  The  oil-soluble 
organometallic  substances  are  not  removed  by  centrifuging. 

Buckland  and  Sat.ders(^^) ,  of  the  General  Electric  Company,  have  described  a 
combination  water  washing  and  centrifuging  process  for  modifying  the  ash  content  of 
residual  fuel  oils.  The  process  consists  of  mioting  the  oil  intimately  with  either  fresh 
water  or  a  water  solution  of  a  suitable  salt,  and  then  centrifuging  the  mixture.  Before 
the  mixing  process,  the  oil  is  heated  and  an  emulsion  breaker  is  added  to  aid  in  the 
separation  of  the  oil  and  water  phases  in  the  centrifuge  and  in  the  sludge  tank.  The 
centrifuge  used  was  of  the  continuous,  self-cleaning  concentrator  type. 

Vanadium  was  not  removed  by  the  centrifuging  process.  Benefits  of  the  washing- 
centrifuging  process  included:  (1'  reduction  of  the  sodium  content  of  the  oil  to  10  ppm 
or  less;  (i)  adjustment  of  the  ratio  of  the  weight  of  sodium  in  the  ash  to  vanadium  in  the 
ash  to  a  value  of  0.  3  or  le.oc,  to  avoid  corrosion,  and  (3)  a  convenient  method  of  con¬ 
verting  vanadium  to  ihe  high-melting  3MgO"V205  compound  by  maintaining  a  3-to-l  ratio 
of  the  weight  of  magnesium  to  the  weight  of  vanadium  in  the  ash.  The  particular  limiting 
ratios  mentioned  ■'.re  iuggested  specifications  found  useful  in  earlier  studies  of  corrosion 
and  deposits  in  yas  uirbines  burning  heavy  fuel  oils.  Coats  of  the  treatment  were  esti¬ 
mated  to  be  14  cents  per  barrel,  including  the  heat,  most  of  which  would  bo  required  in 
any  event.  The  authors  believe  that  those  costa  could  be  redveud  to  5  ceiTita  per  barrel 
or  less,  at  which  st.ige  the  process  might  become  attractive  for  use  in  utility  plants. 

Downingf^®)  .ind  co-wurkers  also  luavt-  studied  the  treatment  of  residual  fuel  for 
use  in  marine  diesel  engines.  Their  treatment  consists  of  heating  the  oil  to  208  F,  add¬ 
ing  a  demulsilying  agent  .ind  mixing,  washing  with  fre:h  water,  and  finally  centrifuging, 
rii-y  report  that  SSTs  tf  the  sodium  present  is  removed  by  the,  combinod  water  wash- 
cenl ri^uging  method,  compared  with  6b%  removed  by  centriiuging  alone.  Costs  were 
cslimaicd  lu  be  »  rho  .-angc  of  5  to  10  c^ints  per  barrel. 

The  relative  ineffectiveness  of  employing  centrifuging  for  tlic  removal  of  vanadium 
compounds  from  residual  oil  is  illustrated  by  tests  reported  by  Kottcamp  and 
Crockett^  'K  Table  19  lists  data  obtained  by  centrifuging  three  No.  6  fuel  oils. 


battellc  MCMoniai.  institutc 


112 


Although  treatment  by  centrifuging  reduced  the  total  ash  content  in  the  oil,  it  had  no  ef¬ 
fect  in  reducing  the  vanadium  content.  Indeed,  since  the  total  quantity  of  ash  was  re¬ 
duced  without  effect  on  the  vanadium  present,  the  percentage  of  vanadium  in  the  ash, 
computed  as  V2O5,  was  increased.  The  authors  point  out  that  if  specifications  for  fuel 
oil  limit  the  vanadium  content  by  specifying  maximum  limits  for  V2O5  in  the  ash,  cen¬ 
trifuging  may  have  undesirable  results. 

TABLE  19.  EFFECT  OF  CENTRIFUGING  ON  THE  VANADIUM  CONTENT 
OF  NO.  6  FUEL  OIL(107) 


Oil  A 

Oil  B 

Oil  C 

Constituent 

Before 

After 

Before 

After 

Before 

After 

Ash,  per  cent  by  weight 

0.  057 

0.  036 

0. 055 

0.048 

0.035 

0.  on 

of  oil 

Vanadium  as  V^Oc,  per 

7.9 

13.4 

56.5 

65.0 

11.  1 

27.5 

cent  of  total  ash 

Vanadium,  ppm  of  oil 

26 

27 

174 

175 

22 

17 

Studies  conducted  at  the  Naval  Boiler  and  Turbine  Laboratory(59)  showed  that 
the  sodium  concentration  in  a  number  of  Navy  special  fuel-oil  samples  was  reduced  to 
5  ppm  or  less  by  water  washing.  Solutions  of  monobasic  or  dibasic  ammonium  phos¬ 
phate  were  recommended  for  washing,  in  order  to  combat  vanadium  corrosion  without 
introducing  other  metals. 


Filtration 


Inorganic  materials  such  as  scale,  sand,  dirt,  and  some  of  the  crystalline  salts 
present  can  be  removed  by  filtration.  Removal  of  oil- soluble  compounds,  including  the 
organome.  ailic  comp)*-vus  containing  vanadium,  is  not  accomplished  by  simple  filtration. 

Shields^  has  reported  studies  involving  the  filtration  of  No.  6  fuel  oil  using  a 
rotary  vacuum  filter  and  a  procoat  base  of  diatomaceous  earth  and  calcined  clay  filter 
aids.  Results  obtained  with  one  No.  f'  fuel  oil  are  shown  in  Table  20. 

The  eouium  content  of  the  oil  w.as  greatly  reduced.  Substantial  reductions  wore 
achieved  in  calcium,  alutmuum,  iron,  load,  magnesium,  and  total  «3h.  The  vanadium 
content  was  little  affected.  Tests  witli  other  No.  6  fuel  oils  gave  similar  results.  The 
author  indicates  that  the  inoecss  using  a  continuous  rotary  filter,  with  use  of  precoat, 
is  economically  feasible  to  provide  fuel  for  gas -turbines.  A  similar  process,  utilizing 
filter  aids  and  an  ordinary  filter  press,  was  developed  by  Sinclair  Oil.(^^^)  Reductions 
in  mineral  cc.ntent  of  the  same  order  of  magnitude  ar  shown  in  Table  20  were  obtained. 

Another  method  of  removing  the  water  from  the  fuel  oil  is  to  employ  electro- 
codlesrencc.  The  agitated  fuel  oil  is  pass-d  through  an  electro8tr.tic  field  provided  by 
electrodes  maintained  at  about  S.OOO  volts  potential  difference.  This  field  tends  to  coa¬ 
lesce  the  water  and  allow  ready  se{>aration. 
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TABLE  20.  RESULTS  OF  FILTERING  A  NO..  6  FUEL  OIL 
AS  SHOWN  BY  ASH  ANALYSES^  ‘^84) 


Element 

Before  Filtration, 
ppm  in  oil 

After  Filtration, 
ppm  in  oil 

Na 

217 

2 

Ca 

250 

48 

Ni 

20 

14 

A1 

23 

4.  1 

Fe 

47 

20.5 

Pb 

13.6 

2 

Cr 

2.  1 

2 

Mg 

18 

5.8 

V 

38 

31.8 

Cu 

8 

2 

Zn 

16 

16 

Ag 

1 

1 

Mn 

2 

2 

Ti 

2 

2 

Sn 

2 

2 

Tot..;!  ash 

1200 

260 

Sediment,  per  cent 

0.  0860 

0. 0097 

Ion-Exchange  Methods 


Some  interest  has  developed  in  recent  years  concerning  the  use  o£  ion-exchange 
methods  for  demineralising  fuel  oils,  particularly  for  removal  of  sodium.  Essentially, 
an  ion-cxchange  process  involves  preheating  the  oil  to  perhaps  250  F  and  passing  the  oil 
through  a  bed  of  cation -exchange  resin.  The  resins  are  of  the  hydrogen  or  ammonium 
type,  and  the  process  resuHs  in  the  removal  of  sodium,  magnesium,  and  calcium. 

Work  in  this  field  has  been  done  by  the  Brooklyn  Polytechnic  ln8titute(^5)  £oj.  the  Office 
of  Naval  Research  j.ic'  by  several  oil  companies. 

The  work  at  Brooklyn  Polydcch  included  tests  of  a  large  number  of  ion-exchange 
resins  in  altcmpie  to  remove  vanadium.  Wide  ranges  of  experimental  conditions  were 
studied,  but  the  attempts  were  unsuccessful.  However,  it  was  found  that  up  to  about 
90%  of  the  sodium  in  oil-sea  water  emulsions  containing  up  to  1000  ppm  of  sodium  could 
be  removed  by  use  of  an  ammonium  ion-exchange  resin.  The  effects  of  factors  such  as 
temperature,  sodium  concentration,  demulsifying  agents,  space  velocities,  oil  viscos¬ 
ity,  and  type  of  resin  wore  studied.  The  economic  factors  related  to  practical  ':se  of 
the  process  were  treated  briefly,  but  from  the  data  given,  i;  *s  not  possible  to  make 
dire't  comparisons  with  the  costs  of  v?atsr  washing  or  other  metliods. 

Although  some  oil  companies  Have  indicated  an  interest  in  the  possibilities  of  re¬ 
moving  sodium  from  fuel  oils  by  ion-exchange  methods,  economic  data  or  details  of  any 
practical  applications  are  not  available.  One  company.  In  1954,  made  preliminary  cost 
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estimates  involving  a  comparison  of  an  ion-exchange  process  and  a  water  wash- 
centrifuge  method.  The  comparison  showed  operating  and  investment  costs  totalling 
10.5  cents  per  barrel  for  the  ion-exchange  process  (ammonium  resin)  compared  with 
12.8  cents  per  barrel  for  the  water  washing -centrifuging  method.  However,  lack  of 
data  regarding  the  ability  of  the  process  to  remove  sodium  to  a  level  of  less  than 
10  ppm,  resin  stability,  and  applicability  of  the  process  to  specific  fuel  oils  resulted  in 
lack  of  interest  in  the  process.  It  is  possible,  however,  that  use  of  newer  resins,  per¬ 
mitting  higher  oil  preheat  temperatures,  lower  viscosities,  and  higher  space  velocities, 
might  furnish  a  basis  for  a  worthwhile  extension  of  the  study. 


Chemical  Treatment 


The  removal  of  vanadium  from  residual  oils  has  been  effected  chiefly  by  hydro¬ 
genation  of  the  oil,  followed  either  by  filtration  or  by  solvent  extraction.  The  treatment 
with  hydrogen  at  elevated  temperature  and  pressure  converts  the  vanadium  porphyrins 
either  into  insoluble  forms  that  can  be  removed  by  filtration  or  into  smaller  fragments 
that  are  soluble  in  organic  solvents.  A  patent  for  such  a  process  has  been  issued  to 
Bieber  and  Hartzband(‘^)  of  Esso  Research  and  Engineering.  The  combination  of  high- 
pressure  hydrogen  treatment  and  solvent  extraction  that  they  used  was  claimed  to  have 
removed  96.  6%  of  the  nickel  and  98*70  of  the  vanadium  in  a  Venezuelaix  crude,  with  90% 
yield  of  oil.  Extraction  alone  removed  only  10%  of  the  vanadium,  while  hydrogenation 
alone  removed  58%.  Hess  and  associates!®®)  of  Texaco.  Inc.,  have  also  received  a 
patent  for  hydrogen  pressure  treatment,  followed  by  filtration.  They  claimed  "essen¬ 
tially  complete  removal  of  vanadium". 

A  series  of  patents  have  been  issued  to  F.  W.  B.  Porter  and  R.  P.  Northcott, 
assigned  to  the  British  Petroleum  Companv.  concerning  the  removal  of  vanadium  and 
sodium  from  petroleum  productst^®'^*  ^h5,  l56,  157)^  method  involved  passing  the  oil 
through  beds  of  material  such  as  bauxite  in  the  presence  of  hydrogen  at  pressures  rang¬ 
ing  from  500  to  1500  psig  and  at  temperatures  of  750  to  800  F.  Space  velocities  were 
maintained  in  the  range  of  0.  5  to  2.  0  volumes  per  volume  per  hour.  The  method  was 
developed  for  use  with  petroleum  stock  to  be  treated  by  a  catalytic  hydrogenation  process 
for  the  removal  of  organically  combined  sulfur.  The  object  was  to  remove  vanadium  and 
sodium  which  might  otherwise  deposit  on  the  cobalt -molybdenum  oxide  catalyst  and  lower 
its  activity.  The  inventers  claim  that  about  70%  of  the  vanadium,  in  a  Kuwait  crude  oil 
containing  22  ppm,  and  90  to  95%  of  the  sodium  could  bo  removed.  The  removal  of  the 
vanadium  is  believed  to  be  promoted  by  the  hydrogenation,  whereas  removal  of  the 
sodium  by  the  bauxite  is  primarily  a  physical  process  which  is  nvV.  improved  by  the  hy¬ 
drogen  treatment. 

The  removal  of  vanadium  by  treatment  with  iodine  is  covered  in  a  patent  issued  to 
Kava'’!if7h  and  Che3luk(97)  gf  the  Texas  Company.  The  vanadium  complex  in  the  oil  is 
converted  to  insoluble  compound  which  can  then  be  removed  by  fillratlcn.  In  laoora- 
tory  experiments  with  a  Mara  crude,  the  vanadium  level  was  reduced  from  200  pprn  to 
17  ppm  and  the  nickel  from  15  to  I  ppm  by  this  process. 

A  number  of  older  patents  have  claimed  hydrogen  treatment  at  different  pressures, 
space  vclocifits,  and  temperatures  as  effective  means  for  removing  vanadium  from 
residual  oils  with  efficiencies  from  70  to  90%. 
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Solvent  Precipitation 


It  is  possible  to  separate  most  o£  the  ash-forming  constituents  from  fuel  oil  by 
treatment  with  selective  solvents.  The  addition  of  certain  solvents  to  residual  fuel  oils 
precipitates  the  colloidal  asphaltenes  of  types  and  in  amounts  varying  with  the  type  of 
solvent,  temperature,  ratio  of  solvent  to  fuel,  and  other  conditions  of  precipitation. 
Surface-tension  considerations  determine  whether  the  asphaltenes  are  precipitated  or 
brought  into  solution  in  the  solvent.  Since  the  vanadium  porphyrin  complexes  present  in 
the  oil  are  of  relatively  high  molecular  weight,  it  would  be  expected  that  they  would  be 
precipitated  in  substantial  amounts  with  the  asphaltenes. 


Sacks^^^^)  and  others  have  studied  the  effect  of  solvents  on  heavy  fuel  oils  and 
have  found  that  n-pentane,  for  example,  removes  from  83  to  95%  of  the  vanadium  re¬ 
gardless  of  the  source  of  the  fuel  or  the  original  vamadium  content.  A  large  proportion 
of  the  iron  and  nickel  compounds  was  also  precipitated.  Other  effective  solvents  were 
found  to  be  petroleum  ether  and  ethyl  acetate.  Naphtha  had  no  precipitating  effect  on  th( 
vanadium;  it  appeared  to  remove  asphaltenes  of  molecular  size  higher  than  that  of  the 
vanadium  compo'Uids  present. 


Garner  et  al.  found  that  97%  of  the  vanadium,  99%  of  the  nickel,  and  86%  of  th« 
iron  were  removed  from  a  Middle  East  residual  oil  when  the  asphalt  was  precipitated  by 
propane  treatment. 


However,  methods  of  solvent  treatment  of  this  type  are  expensive  and  result  in 
substantial  losses  of  oil.  Thus,  they  cannot  be  considered  economically  feasible  under 
ordinary  circumstances. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


In  mauiy  areas  of  the  world,  residual  fuel  oil  is  attractively  priced  and  readily 
available.  Steam- raising  stations  under  control  of  the  Bure;.u  of  Yardsand  Docks  along 
coastal  areas  are  using  residual  fuel  oil  in  increasing  amounts. 

Unfortun^ely,  the  quality  of  the  fu«l  oil  being  offered  by  many  of  the  refiners  is 

deteriorating.  As  a  result  of  tlie  higher  ash  content  and  the  sulfur  presen^the  corrosion 

and  deposit  problems  in  the  boiler  have  become  mTe"  if  aubTe soiue^  Where  the  boiler  is 

of  good  design  and  the  operator  follows  good  housekee^ngjuacticts,  experience  has 

shown  that  in  many  cases  the  corrosion  and  dgpoeit  problem  ran  be  kept  under  reasonable 

control.  *  '■  —  '  . 

^ 

-jThis  topical  report  described  in  detail  the  many  problems  encountered  in  boilers. 
These  diffic'iltiea  Ccin  be  classed  as  either  low-  or  high- temperature  problems.  The 
low- temperature  problems,  in  the  air  preheater  and  stack,  for  example,  are  s^tributed 
to  the  presence  of  sulfuric  acid  in  the  flue  gases.  For  these  problem e  it_i>-^ggested 
that  combustion  of  the  oil  with  a  minimi^  nf  pvr/nsg  air  liii  MtllLllLU  ss  IhL^pr Imar y  means 
of  minimizing  corrosion  and  deposits.  <^ith  properly  designed  burners  and  controls,  it 
should  be  possible  to  reduce  greatly  the  SO3  content  of  flue  gases.  A  twofold  effect 
would  occur:  (1)  the  dewpoint  would  be  lowered  to  where  dry  ccnxditiona  prevail  and  con¬ 
densation  of  sulfuric  acid  in  the  air  preheater  and  ecempmfser  would  be  prevented  and 
(2)  the  amount  of  SO3  available  for  the  forrnation  of  corrosive  compounds  from  the 
Na20-S03- V2O5  system  would  be  minimized.  This  would  be  helpful  also  in  alleviating 
the  high-temperature  problems.  It  is  recognized  that  to  operate  a  boiler  on  minimum 
excess  air  will  require  special  equipment,  elaborate  controls,  uid  operator  training. 

— very  small- sized  boiler  units,  where  operation  with  low  excess  air  may  not  be 
practical,  raising  the  exit- gas  temperature  sufficiently  to  ensure  that  the  sulfuric  acid 
rtewpomf  is  never  reached  would  eliminate  the  low  temperature  corrosion..  This  result 
would  be  at  the  cost  of  some  efficiency  In  operation  ^  could  still  be  the  Most  economi¬ 
cal  corrective  measure  available,  ^or  situations  In  which  low- temperature  corrosion  is 
limited  to  the  stack.! .  ins-olation  to  maintain  adequate  wall  temperatures  is  reconunended. 


High-iemperature  problems,  occurring  at  locations  where  the  metal  surface 
temperatures  are  about  900  F  or  higher,  appear  to  be  more  coirplex^  Oxidation  of  the 
metal  surfaces,  formation  of  ash  compounds  that  are  plastic  or  molten  at  the  tempera¬ 
ture  of  the  metal  surfaces,  reaction  between  the  metal  and  the  molten  ash,  and  absorp¬ 
tion  of  oxygen  through  molten  ash  layers  have  all  been  reported  to  take  part  in  tlio 
reactions  leading  to  corrosion  and  deposits. 

soil  Mon  to  the  problem  is  to  reduce  Die  ai'am-temperalui  c  requirc- 
jne.'.t  s  30  as  to  maintain,  a  maximum  superheater- tube  surface  temperature  below  900  F« 
•  How-^uex.;.  ^'herc  this  is  not  possible,  the  use  of  additives  should  be  consldored^j^Com- 
pounds  of  magnesium  and  calcium  have  shown  the  most  promise,  their  functioi/Wing  to 
raise  the  melting  point  of  the  ash  above  the  maximum  metal  temperature  and  to  foVm 
friable  and  readily  removable  deposits.  Tlic  use  of  such  compounds  in  the  form  of 
powders  has  been  beset  by  problems  related  to  feeding  and  proportioning  equipment  anW 
to  questions  about  where  the  powders  should  be  injected  into  the  boilers.  ' 
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The  reports  on  additives  are  sometimes  conilicting.  Additives  may  change  the 
character  of  the  ash,  affect  the  rate  of  deposition,  neutralize  sulfuric  acid  in  tlie  low 
temperature  zones,  and  affect  local  reactions  such  as  oxidation  by  catalysts. 

In  boilers  large  enough  to  utilize  soot  blowers,  applying  a  slurry  of  magnesium 
and  calcium  compounds  to  the  tubes  should  be  examined.  In  smaller  boilers,  the  intro' 
duction  of  slurries  through  lances,  or  by  spraying,  should  also  be  considered. 

In  medium- sized  boilers  having  high- temperature  problems,  a  nonproprietary  of 
soluble  chemical  compound,  such  as  magnesium  naphthenate,  could  probably  be  used  tc 
advantage.  Oil- soluble  additives  in  general  are  too  costly,  but  there  may  be  some  cir¬ 
cumstances  in  which  the  economics  would  Justify  the  use  of  an  oil-soluble  additive. 

These  recommendations  are  summarized  in  Table  21. 

TABLE  21.  METHODS  OF  CORROSION  CONTROL  RECOMMENDED 
FOR  INVESTIGATION 


Methods  of  Control 

Boiler  Size 

High- Temperature  Corrosion 

Low-  Temperature  Corrosion 

Small 

Not  applicable 

Raise  exit-gas  temperature 

Medium 

Low  excess  air  +  oil- soluble 
additive  or  slurry- type 
additive 

Low  excess  air 

Large 

Low  excess  air  +  slurry 
application 

Low  excess  air 
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PARTIAL  LIST  OF  PATENTS  ON  ADDITIVES  AND  TREATMENTS 
FOR  REDUCING  CORROSION  AND  DEPOSITS 
CAUSED  BY  RESIDUAL  FUEL  OIL 


German  Patent  128,616  (1900) 

British  Patent  166,285  (1921) 

U.  S.  Patent  1,657,753  (1928) 

All  are  concerned  with  the  use  of  V2O5  to  catalyse  the  oxidation  of  SO2  to  SO3, 


British  Patent  689,579  (1950) 


Magnesium  or  zinc  oxide,  barium  carbonate,  or  other  metallic  oxide  which  will 
combine  chemically  with  V2O5,  is  injected  into  the  apparatus  to  reduce  corrosion  of 
heat-resisting  steel. 


Swiss  Patent  281,764  (1952) 


Addition  of  inorganic  chlorides  such  as  NaCl,  CaClg  or  (NH4)2“SnCl^  to  the  fuel  to 
partially  inhibit  formation  of  combustion  products  that  attack  high-temperature  alloys. 


Swiss  Patent  281,765  (1952) 


Addition  of  5  g  of  AljO^/kg  of  fuel  oil  counteracts  harmful  effect  of  0,2%  V2O5  in 
the  oil.  Other  additives  suggested  are  zirconium  oxide;  diatomaceoua  earth;  SiC;  CaCji 
BaC03;  powdered  iron,  .-liuminuni,  silicon  or  ferrosilicon;  and  aluminum  acetate. 


U.  S.  Patent  2,687, 985  (1954) 

Removal  o:  v.-inadium  and  sodium  from  petroleum  by  hydrogenation. 


British  Patent  743,  472  (1956) 


Addition  of  compounds  that  will  react  with  the  VgOg  to  form  a  vanadium  compound. 
Selected  from  the  group  consisting  of  iron,  aluminum,  oxides  of  these  metals,  and 
compounds  of  these  metals  yielding  the  oxides  at  ccnibustion  temperatures. 


C»crt--.rn  Patent  946,  020  (1956) 

Surface-active  AlgOj  or  kaolin  is  added  to  the  oil. 
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Swiss  Patent  314,443  (1956) 

Aluminum  silicate  can  be  used  as  an  additive  for  gas-turbine  fuels  to  prevent 
deposition  and  corrosion. 

V.  S.  Patent  2,744,853  (1956) 

Removal  of  vanadium  from  petroleum  by  reaction  with  iodine. 

U.  S.  Patent  2,758,060  (1956) 

Removal  of  vanadium  and  sodium  from  crude  oil  by  hydrogenation  in  the  presence 
of  bauxite. 

U.  S.  Patent  2,764,  525  (1956) 

Removal  of  vanadium  and  sodium  from  petroleum  using  iron  oxide  and  alumina. 

U.  S.  Patent  2,766,  183  (1956) 

Removal  of  vanadium  and  sodium  fron»  petroleum  using  Fuller'  a  earth. 

British  Patent  771, 597  (1957) 

Magnesium  or  aluminum  in  the  form  of  ribbon,  wire,  or  rod,  is  introduced  in  the 
air  stream  of  the  turbine. 

British  Patent  772,296  (1957) 

Method  comprises  both  conducting  Uie  combustion  in  a  reducing  manner  and  adding 
to  the  fuel  or  introducing  into  the  comburtion  space,  or  mixing  witli  the  combuatlon 
products,  an  aiui.iin-un  silicate  to  lower  tlie  vapor  pressure  of  harmful  substances. 

U.  S,  Patent  2,701,005  (1957) 

Additive  is  selected  from  the  group  consisting  of  magnesium  and  sine  oxides,  or 
magnesium  and  sine  compounds  yielding  tlie  oxide  on  combustion.  Introduced  oxide  to 
V2O5  of  at  least  3  to  1. 

U.  h.  Pjt»-nt  2,793,945  (1957) 

Addition  of  hydrocarlion- soluble  phos^ bnrus- containing  organic  composition  to  the 
fuel  oil. 
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BrUish  Patent  799,954  (1958) 
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Oil- soluble  compounds  of  iron,  tin,  lead,  or  zirconium  made  from  crude  tall  oil, 
dissolved  directly  in  the  fuel  oil  to  inhibit  corrosion.  Amount  added  is  0.  5  to  10  times 
the  amount  necessary  to  form  the  orthovanadate  with  vanadium  in  the  oil. 


German  Patent  1,041,621  (1958) 


Magnesium  silicate  is  recommended  as  an  additive  to  heavy  oils  to  prevent 
deposition  and  corrosion. 


U.  S.  Patent  Z,  843,200  (19S8) 


Hydrated  calcium  silicate  is  claimed  to  be  a  useful  additive  to  residual  oils  to 
prevent  deposition  md  corrosion. 


U.  S.  Patent  2,  846,  358  (1958) 


Use  of  catalytic  hydrogenation  combii.ed  with  solvent  extraction  removes  nickel 
and  vanadium  from  crude  oil. 


U,  S.  Patent  2,857,Z56  (1958) 


Addition  of  an  oxide  of  arsenic  tr>  the  fuel,  to  obtain  a  mole  ratio  of  As/V  of 
2  to  lO/l.  Corrosiveness  i  f  the  ash  is  air-;  completely  eliminated,  even  at  1200  F  or 
above. 


German  Patent  1,  050.  -184  (19591^ 


A  gel  concentrate  of  an  inorKanic  material  such  as  fine  granular  SlOj,  asbestos, 
or  MgCOj  is  added  to  the  oil  at  14  F.  Hje  gel  i  made  from  aluminum  stearate. 


U.  S,  Patent  ?.,  910,  434  (195-^) 


Hydrogenation  jf  pctrolci.vm  or  residual  oil  using  heat  and  pressure  converts 
vanadium  to  solid  which  can  bt  removed  by  filtration. 


Drili.il!  P.!trrt  8-12,821  (19^ 


Elnyl  silicate  or  mixc''  ethyl  pol/ silicates  in  an  aromatic  aoivent  will  reduce 
d«-t>osili’.*n  in  gis  turbinca. 
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British  Patent  G46,  174  (1960) 

Stable  dispersions  of  inorganic  aluminum  compound!,  in  mineral  oil  added  to  the 
fuel  oil  to  inhibit  corrosion  by  vanadium  or  sodium  compounds.  Patent  describes  method 
of  preparing  the  dispersion. 


U.  S.  Patent  2,  966,029  (I960) 

Add  enough  sea  water,  or  corre  ponding  salts,  to  obtain  a  ratio  of  1.5  to  4.  0 
atoms  of  sodium  per  atom  of  vanadium  in  the  fuel. 


U.  S.  Patent  2,  949,  008  (1960) 

Mixtures  of  MgO  and  sodium  naphthenate  or  K^CO^  and  magnesium  taliate  or  talc 
and  Na2C03  are  effective  in  reducing  deposits  and  corrosion  from  high-vsnadium  fuel 
oils. 


U.  S.  Patent  2,  968,  148  (1961) 

Addition  of  mixture  containing  0  12%  by  wt  ZnO  andO.  Z%  Na2C03  to  a  fuel  contain¬ 
ing  203  ppm  vanadium  and  11  ppm  sodium  to  give  a  Zn/V  mol  ratio  of  4/1  reduced 
corrosion  of  Type  310  stainless  steel  from  1430  to  9  mg/sq  in.  Deposits  reduced  from 
1150  to  80  mg/aq  in.  Test  conducted  at  1450  F. 


U,  S.  Patent  3.002,  825  (1961) 

A  mixture  of  caicivun  acetate  and  basic  calcium  sulfonate  in  a  light  oil  used  as 
an  additive  for  residual  oils. 
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